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EDITORIAL 


New frontiers in bioscience 


n 1975, when relatively powerful microproces- 
sors first became available, many young entrepre- 
neurs—including myself—were inspired to create 
companies, platforms, and programming tools 
that helped make computing available to everyone. 
This in turn helped spark the information revolu- 
tion. Today, thanks to the increasing sophistication, 
speed, and power of computer modeling and other new 
tools such as optogenetics and multiple forms of mi- 
croscopy, we are on the brink of another revolution— 
this time in bioscience. 


groundbreaking bioscience. 

Such investments in bioscience are catalysts for 
change. But to make the transformational advances we 
seek, all of us—philanthropists, governments, universi- 
ties, and private companies alike—must invest much 
more in basic, fundamental science and in the intrepid 
scientists who are willing to pursue out-of-the-box ap- 
proaches at the very edges of knowledge. 

We should also be working more aggressively to break 
down scientific silos by backing more collaborative, in- 
terdisciplinary teams that include experts in bioscience, 
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&& WPA believes strongly in evidence-based 
treatment. There is no sound scientific evidence that 


innate sexual orientation can be changed. 99 


Statement released 23 March by the World Psychiatric Association, 
calling for an end to the practice of “conversion therapy.” 
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A much older ‘hobbit’ 


Liang Bua cave on 
Flores, where the 
“hobbit” fossils were 
discovered in 2003: 


n 2003, scientists excavating a cave on the Indonesian island of 
Flores unearthed the skull and skeleton of an adult female hom- 
inin who stood about a meter tall. The hominin, they said, was a 
new, primitive species, dubbed Homo floresiensis; dating of the 
sediments in which the fossils were found suggested that H. flo- 
resiensis lived as recently as 18,000 years ago. The discovery of 
the “hobbit” has sparked fierce debate, with some scientists arguing 
that it was merely a diseased H. sapiens. Now, a new paper by many 
of the same scientists who made the original discovery may put that 
debate to rest: New stratigraphic data from the cave suggest that 
H. floresiensis actually lived between 100,000 and 60,000 years ago; 
H. sapiens, however, didn’t reach the region until about 60,000 to 
50,000 years ago. The new data come from further excavations con- 
ducted between 2007 and 2014. Near the cave’s center, the team found a 
series of sedimentary layers that reveal a clear time sequence of fossil- 
bearing sediments, volcanic sediments, and others that they used to 
reconstruct the cave’s history. Dating of the sediments showed that the 
fossils couldn’t be younger than 60,000 years, the team reports this 
week in Nature. The original excavations were conducted at the edges 
of the cave, where erosion had turned the sedimentary layers into a 
confusing jumble, leading to an erroneous age for the hobbit. 
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AROUND THE WORLD 
A plan to reshuffle U.S. science 


WASHINGTON, D.c. | The U.S. Department 
of Commerce (DOC) would be eliminated, 
and many research programs at the 
National Science Foundation (NSF) and 
the Department of Energy (DOE) would 
be sharply curtailed, under a plan released 
last week by the budget committee of the 
U.S. House of Representatives. A faction 
of congressional Republicans has so far 
prevented the House from passing a 2017 
budget resolution, the first step in deciding 
how much money each agency will receive 
next year. But if the budget commit- 

tee has its way, the science programs at 
DOC—including the National Institute of 
Standards and Technology, the National 
Oceanic and Atmospheric Administration, 
and the Census Bureau—would be dis- 
persed across the government. Legislators 
also favor giving stable funding to only 
three of NSF’s six research directorates— 
effectively giving second-class status to 
the other three—and having DOE defer to 
industry in funding several areas of high- 
risk, basic research. http://bit.ly/cutComm 


Galapagos waters now a sanctuary 


Quito | The Ecuadorian government 
last week declared waters surrounding 
part of the Galapagos Islands to be the 
country’s first marine sanctuary. The 
islands are famous for Charles Darwin’s 
studies and for their biodiversity—25% of 
Earth’s species are packed onto this South 
American archipelago—says conservation 


The Galapagos sanctuary aims to curtail overfishing. 
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biologist Hugo Arnal, head of Ecuador’s 
World Wildlife Fund, which lobbied hard 
for the zoning changes. In 2001, Ecuador 
made the waters a marine reserve, but 
fishing still took its toll on the wildlife. 
Now, with zoning changes and creation 
of the 39,000-square-kilometer Darwin 
and Wolf Marine Sanctuary, the govern- 
ment has made 33% of the island’s local 
waters off-limits to fishing and other 
sea-life removal. That area in the northern 
Galapagos harbors the largest density of 
sharks in the world and already is a mecca 
for shark researchers. “This is just the 
beginning of a new chapter in the conser- 
vation history of the archipelago,” Arnal 
says. But successful restoration of declin- 
ing fished species will require enforcement 
of no-take areas, Arnal and others note, 
and stronger regulations on shark fishing, 
particularly of migratory species such as 
the hammerhead. 


Yellow fever outbreak 


LUANDA | A vaccine shortage is hampering 
efforts by the World Health Organization 
(WHO) to fight an outbreak of yellow fever 
in Angola. More than 450 people have 
been infected, most of them in Luanda, the 
capital; 178 people have died. The outbreak, 
reported in December 2015, is the first i 

n the country in 50 years. Epidemiologists 
worry that the country’s poor record of 
routine immunizations, along with the 
widespread distribution of the Aedes 
aegypti mosquitoes that carry the disease, 
could allow the virus to spread quickly. 
WHO has spearheaded a vaccination cam- 
paign that has already reached 6 million 
of Luanda’s 7.3 million people. However, 
WHO’s emergency stockpile of the vaccine, 
maintained since 2002, has been depleted 
by the outbreak, and millions more doses 
may be needed as the virus spreads beyond 
the city. WHO is now discussing with 
vaccine manufacturers plans to divert 
shipments that were to be used for routine 
immunization elsewhere to replenish the 
emergency fund. 


X-ray observatory status unknown 


KANAGAWA PREFECTURE, JAPAN 

The Japan Aerospace Exploration 

Agency (JAXA) is desperately trying to re- 
establish communications with its recently 
launched Hitomi x-ray observatory (for- 
merly known as ASTRO-H) following a loss 
of contact on 26 March. Hitomi, which was 
launched 17 February, is a groundbreaking 
telescope that will be able to image emis- 
sions from black holes, the swirl of hot gas 
in galaxy clusters, and supernova remnants 
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A seafaring people 
from south Sulawesi 
likely brought dingoes 
to Australia. 


Who let the dingoes in? 


anines and people have been traveling the world together for possibly 30,000 
years—but archaeological evidence, from bones to rock art paintings, suggests 
that Australia’s native dog, Canis dingo, didn't arrive down under until 3500 to 
5000 years ago. So who brought them? Australian archaeologists Paul Tacon of 
Griffith University, Gold Coast, in Brisbane and Melanie Fillios of the University 
of New England in Armidale reviewed archaeological evidence and genetic data for 
the dingo’s origin, and then assessed potential candidates, including early farmers, 
hunter-gatherers, and sea-faring traders. Early farmers, for example, were ruled out 
because dingoes lack a gene for digesting starch, found in farmed grains. Instead, 


the “likely suspects” are the Toalean, a sophisticated maritime hunting and gathering 
people from the Indonesian island of Sulawesi, the researchers report this month in 
the Journal of Archaeological Science: Reports. Between 8000 and 1500 years before 
present, the Toalean traveled vast distances by sea; they likely brought the dingoes 
from Borneo, where dingo remains have been found, to Australia. The “big implications 


of this work aren't just for dingo origins,” says the University of Sydney in Australia 
wildlife biologist Mathew Crowther—it will help tease out historical movements of 


people throughout Asia and the Pacific. 


through high-energy photons—including 
x-rays and gamma rays—with unprec- 
edented accuracy. The U.S.-based Joint 
Space Operations Center (JSpOC), which 
tracks orbiting objects with radar, reported 
on 27 March seeing five separate objects at 
Hitomi’s location; meanwhile, ground-based 
amateur satellite watchers reported seeing 
Hitomi in a slow spin. But JAXA spokes- 
person Azusa Yabe says that the agency had 
received short signals from Hitomi after 
JSpOC reported its possible breakup. “We 
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are still trying to recover communication 
with Hitomi, and trying to find out the 

status and causes of this communication 
failure,’ Yabe says. http://bit.ly/Hitomicomm 


KAGRA starts its test run 


GIFU PREFECTURE, JAPAN | Last week, Japanese 
scientists began a test run of their Kamioka 
Gravitational Wave Detector, known as 
KAGRA. This first run of the telescope, 
located more than 200 meters underground 
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at the Kamioka mine site to minimize 
noise, comes just a month after a U.S.-led 
team of scientists announced it had for the 
first time directly detected gravitational 
waves, confirming a 100-year-old predic- 
tion in Albert Einstein’s general theory 

of relativity. KAGRA will cooperate with 
the United States’s Laser Interferometer 
Gravitational-Wave Observatory and the 
European Gravitational Observatory’s Virgo 
interferometer to look for gravitational 
waves; having three detectors will allow 
greater precision in locating the sources of 
the waves. The test run, with a low-power 
laser, is a construction milestone but actual 
observations are still 2 years away. 


Long-term drugs no help for Lyme 


The effect of long-term antibiotics on Lyme 
disease has been long debated. Proponents 
argue that taking antibiotics for months 

or even years can alleviate chronic pain, 
fatigue, and neurological troubles, based 
on individual cases and some studies, 
although a handful of small-scale trials 
have suggested otherwise. Now, a much 
larger clinical trial suggests that long-term 
antibiotics don’t make a difference. Dutch 


Testing limits on Mount Everest 
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Ticks spread Lyme bacteria. 


researchers recruited 280 patients with 
persistent Lyme symptoms: They either had 
antibodies to Lyme bacteria or had symp- 
toms like a rash associated with acute Lyme 
disease. Each volunteer received 2 weeks of 
intravenous antibiotics; then, some partici- 
pants received oral antibiotics for 12 more 
weeks, while others received a placebo. At 
the end of the study, all of the patients were 
in somewhat better health based on certain 
measures of mental and physical function- 
ing, though still below normal, regardless 
of whether they received treatment, the 
authors report in this week’s issue of The 
New England Journal of Medicine. Whether 
that improvement is a result of the 2-week 
course of antibiotics, a placebo effect, or 
some other reason is unclear. 


ive years ago, Welsh rugby player—turned—mountain climber Richard Parks 
ascended to the roof of the world. Next month, he hopes to do it again—this 
time, without the aid of supplemental oxygen, and as part of a research project 
(Project Everest Cynllun) conducted with scientists at the University of South 
Wales, Pontypridd, in the United Kingdom. “We've got some very ambitious 
science that we're proposing,” says physiologist Damian Bailey, who is leading the 
science team. Upon reaching the summit around the end of May, Parks will take a 
number of samples, including the world’s highest blood sample and the world’s high- 
est muscle biopsy (which Parks will perform on himself). “We're looking to record the 
lowest blood-gas samples, the lowest partial pressures of oxygen, arguably, shown in 
the circulation so far,’ Bailey says. But the expedition isn’t just about recording firsts, 
he adds. “What we're really talking about is trying to understand the factors that 
| control oxygen transport” —specifically, how oxygen gets to the brain. Studying how 
an ultrafit climber manages the severely limited oxygen supply in the so-called “death 
One” above 8000 meters’ altitude could provide clues to the mechanisms linking 
hypoxia, cognitive decline, and dementia. http://bit.ly/EverestBailey 
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‘in 2011; next month, he 
plans to doit again, without 
supplemental oxygen. 
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Surgeon Paolo Macchiarini fired 


The curtain has finally fallen for tra- 
chea surgeon Paolo Macchiarini at the 
Karolinska Institute (KI) in Stockholm. 
Last week, the university announced that 
Macchiarini will be dismissed, effective 
immediately, after its disciplinary board 
found that he “engaged in conduct and 
research that is incompatible with a posi- 
tion of employment at KI.” Once hailed 
as a surgical pioneer for attempts to 
replace damaged tracheae with artifi- 
cial ones that combined stem cells with 
polymer scaffolds, Macchiarini survived 
a misconduct investigation at KI last year. 
But a documentary that aired on Swedish 
television in January suggested that 
Macchiarini had exaggerated the success 
of his operations in published papers, 
and triggered serious questions about 
the way KI had handled its investigation. 
Macchiarini, who has shaken off mis- 
conduct allegations several times before, 
vows to fight on. “I do not accept any of 
the findings of the Disciplinary Board,” 
he wrote in an email to Science. “I have 
instructed lawyers and will be taking 
immediate steps to restore my reputa- 
tion.” http://bit.ly/KlfiresMacc 


Increase in tuberculosis (TB) 
cases in the United States from 
2014 to 2015, bringing the 2015 

total to 9564, according to the 
Centers for Disease Control and 

Prevention. The United States 
last recorded an increase in TB 

cases 23 years ago. 


Number of times two scientists 
aboard the JOIDES Resolution 
ran around the ship's 
helideck this week, matching 
the 21 kilometers covered 
by colleagues simultaneously 
embarking on a Cardiff University 
World Half Marathon back 
home in Wales. 


sciencemag.org SCIENCE 


PHOTOS: (TOP TO BOTTOM) VOLKER STEGER/SCIENCE SOURCE; RICHARD PARKS. 


PHOTO: XL CATLIN SEAVIEW SURVEY 


ECOLOGY 


; x Lae PIS 
i Iiy =. sow! i, 
(eae ‘* 4 


Images from December 2014 (left) and February 2015 show coral bleaching in the Pacific waters around American Samoa. 


El Ninos warmth devastating reefs worldwide 


Recent aerial surveys of Australia’s Great Barrier Reef find massive coral bleaching 


By Dennis Normile 


ven as recently as early March, Austra- 

lian coral reef scientists still hoped that 

the legendary Great Barrier Reef (GBR) 

would get off lightly in the current El 

Nino, the climate phenomenon that 

brings unusually warm water to the 
equatorial Pacific, stressing and often killing 
corals. No such luck. On 20 March, the GBR 
Marine Park Authority in Townsville, Austra- 
lia, reported that divers were finding exten- 
sive coral bleaching—the loss of symbiotic 
algae—in remote northern areas of the reef. 
Many sections were already dead. 

Subsequent flyover surveys have con- 
firmed an unfolding disaster: “Only four 
reefs out of 520 [observed] had no bleach- 
ing,” says Terry Hughes, director of the 
Australian Research Council Centre of Ex- 
cellence for Coral Reef Studies in Townsville, 
who personally checked the northernmost 
1000 kilometers of the 2300-kilometer reef 
system over 4 days last week. “It was the 
saddest reef trip of my career.” 

The GBR joins a lengthening list of reefs 
bleached because of the El Nifio that started 
in late 2014. It is now the longest bleaching 
event ever, and this El Nifio, which helped 
make 2015 the planet’s hottest year on re- 
cord, “isn’t even close to being over,” says 
Mark Eakin, a coral reef ecologist at the 
U.S. National Oceanic and Atmospheric 
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Administration (NOAA) in College Park, 
Maryland. Even though the El Nifo is now 
weakening, its lingering effects could cause 
bleaching for another year, he adds. 

Eakin says it is too early to tell whether 
this current event will match the infamous 
bleaching event of 1998, when 16% of reefs 
worldwide perished. But it is surely a sign 
of what’s to come, he and others contend. 

With global warming rais- 
ing ocean temperatures, even 


called zooxanthellae, which use photo- 
synthesis to produce nutrients for them- 
selves and their hosts. When the water gets 
too hot the corals expel the zooxanthellae 
and turn white, or bleach. If the water cools 
soon enough, the algae return. But pro- 
longed bleaching can kill the corals—and 
much more. The loss of coral cover makes 
reefs less hospitable for many marine or- 
ganisms and fish, leading to a 
dramatic loss of biodiversity. 


relatively weak El Nifios will 6“ Bleaching occurs occasionally 
be enough to make corals un- It was the because of local conditions—in 
comfortably hot, Eakin warns. saddest reef 2002, for example, local hot 
“Tf bleaching events continue ° weather drove widespread 
to increase 2 both frequency trip of bleaching on the GBR. sea El 
and intensity, there will be a my career.” Nifo drives up temperatures all 


step-wise decline in the health 
of the reefs; the frequency of 
bleaching events can _ over- 
whelm the ability of the 
corals to recover,” says coral eco- 
logist Alexandra Dempsey of 
the Khaled bin Sultan Living Oceans Foun- 
dation in Annapolis. 

Ove Hoegh-Guldberg, director of the 
Global Change Institute at the University 
of Queensland, St. Lucia, in Brisbane, Aus- 
tralia, suggests that the world is on course 
to lose coral reefs entirely by 2040. “This is 
not in the future, it’s happening right now,” 
he says. 

Corals harbor colorful symbiotic algae 
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Terry Hughes, 
Australian Research 
Council Centre of 
Excellence for Coral 
Reef Studies 


across the Pacific and influences 
waters and weather patterns 
worldwide. The record-setting 
1998 bleaching resulted from a 
particularly powerful El Nifio. 
A 2010 El Nino also caused ex- 
tensive global bleaching. 

In late 2014, NOAA’s Eakin, who runs 
the agency’s Coral Reef Watch, predicted 
a “global-scale bleaching event” because 
of the then-emerging El Nifio. The reports 
started flowing in at the beginning of 2015. 
That April, Dempsey and other researchers 
reported extensive bleaching in the British 
Indian Ocean Territory, a speck of isles in 
the Indian Ocean halfway between Africa 
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and Indonesia. “More than 50% of branch- 
ing corals, some as large as 2 meters in di- 
ameter, were beginning to show the early 
onset of bleaching,” says Dempsey, who was 
part of a team surveying the remote and 
rarely visited reefs. 

Extensive bleaching hit Hawaii in No- 
vember 2015 and then Fiji and New Cale- 
donia in February of this year. “Bleaching 
is going on right now across half the globe 
in the Southern Hemisphere,” Eakin says. 
“We expect the warming to continue its 
northward movement in the Indian Ocean, 
and the long-range outlook is calling for 
bleaching in the Caribbean this summer,” 
he adds. 

The fate of the GBR will be documented 
best, thanks to Australia’s scientific re- 
sources. About 6 months ago, Hughes laid 
plans for a National Coral Bleaching Task- 
force, which swung into action last week 
with aerial surveys and teams of divers. 
The team uses a zero-to-five scoring system, 
where zero is no bleaching, three is 30% to 
60%, and four is more than 60% bleaching. 
Hughes notes that 95% of the reefs they 
checked were scored as three or four. For 
comparison, in 2002 only 18% of the reefs 
were bleached that badly. “Without a doubt, 
[the damage] is much more extreme than in 
2002 or 1998,” he says. 

A tropical cyclone in early March cooled 
off the central and southern sections of the 
reef. But coral scientists don’t know exactly 
how far south the bleaching extends; to find 
out, they plan more aerial surveys of the 
GBR this week. 

It is not clear what percentage of the 


bleached corals will die. But Hoegh- 
Guldberg was surprised by the bleaching 
at the GBR’s pristine remote northern tip, 
which is least subject to fishing and tour- 
ism pressure. “We were feeling somehow 
that the northern end of the reef would be 
more robust,” he says. 

The optimistic view, Hughes notes, is 
that the pristine reefs “should bounce back 
faster, but the level of bleaching will take a 
decade to recover from.” 

Australian studies of this and the other 
major bleaching events, in 1998 and 2002, 
could yield clues about reef resilience. 
“Some lucky reefs haven’t been hit and 
some have been clobbered three times,” 
Hughes says. He and his colleagues will 
start looking for patterns, including how 
distant a particular reef is from the coast, 
its water quality, and the impacts of fish- 
ing and tourism, “to see if we can get some 
clues why some reefs are more vulnerable.” 
If water quality proves to be a determin- 
ing factor, “that would point to an obvious 
management imperative,’ Hughes says. 

But improving water quality will have 
only a minor impact, given global warming. 
“The only way out of this bind is to rapidly 
contain further increases in global warm- 
ing” by implementing the carbon dioxide 
emission cuts pledged at last year’s Paris 
climate conference, Hoegh-Guldberg says. 
He is hopeful that the 500 million people 
worldwide who rely on reefs for their liveli- 
hoods will start making their voices heard. 
The damage to the GBR and other reefs, he 
adds, shows the “graphic alternative if we 
don’t deal with this issue.” 


Aerial surveys in March of the Great Barrier Reef revealed extensive bleaching of corals (white). 
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Sandy ripples 
point to 
Mars’s past 


Unique dune features 
emerge from rover’s 
campaign in the sand 


By Eric Hand, in The Woodlands, Texas 


he Martian was only a movie, but the 

blowing sand that drove the plot re- 

ally does influence Mars today—and 

is now a source of intrigue for scien- 

tists studying the planet. Investiga- 

tors with NASA’s Curiosity rover are 
exploring the planet’s dark sand dunes and 
have discovered structures thought to be 
unlike any on Earth: ripples spaced about 
3 meters apart, intermediate in size be- 
tween the little ripples and big dunes found 
on both planets. Scientists aren’t sure how 
they form, but they think the density of the 
thin martian atmosphere plays a role in 
shaping them. 

“Something in the martian environment 
is begging for these to form,” says Lori 
Fenton, a planetary scientist who studies 
dunes at the SETI Institute in Mountain 
View, California, and who wasn’t involved 
in the research. Even before scientists can 
puzzle out what that is, they hope to use 
fossilized ripples in rocks that hardened 
from ancient dunes to glean clues about the 
thicker atmosphere of early Mars, accord- 
ing to Mathieu Lapotre, a graduate student 
at the California Institute of Technology 
(Caltech) in Pasadena, who presented the 
work here last week at the Lunar and Plan- 
etary Science Conference (LPSC). 

Researchers had seen the large ripples 
in pictures taken from orbit, “but nobody 
thought hard enough” about them, Fenton 
says. In the end it took up-close observa- 
tions by Curiosity, which is exploring Gale 
Crater. When the rover neared dark, billowy 
dunes girding the mountain that it aims to 
climb, some researchers on the rover’s sci- 
ence team considered them a potentially 
hazardous obstacle. But others saw an op- 
portunity. “We have not visited an active 
sand dune field on another planet,” says 
Bethany Ehlmann, a participating scientist 
on the rover team at Caltech. “I don’t think 
it’s conscionable to be 100 meters away and 
drive by without stopping to take a look.” 
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So Ehlmann and others pushed for a 
campaign of pictures, wind measurements, 
and chemical analyses over several weeks in 
December 2015 and January. The scientists 
presented their initial results at the LPSC: 
images of 5-meter-tall dunes that would not 
look out of place in Namibia. Imprinted on 
top of the large dunes were typically tiny 
ripples and the mysterious, larger ones. 

On terrestrial beaches and deserts, small 
sand ripples form centimeters apart. They 
take shape when windborne sand grains 
hop and strike sand downwind, scatter- 
ing yet more grains. Once a ripple begins 
to form, it protects sand on its downwind 
slope from being dislodged by further im- 
pacts. Meanwhile, scattered sand continues 
to be deposited on the upwind side of the 
ripple. Larger dunes, which can sit hun- 
dreds of meters apart, grow through a dif- 
ferent process involving the 
aerodynamics of the atmo- 
sphere. As wind approaches 
a pile of sand, its stream- 
lines are compressed, whip- 
ping up speeds and piling 
up more sand toward the 
crest. Eventually, the lead- 
ing edge becomes too steep 
and collapses, allowing 
a new crest to form 
and the dune to inch 
along. 

In the solar sys- 
tem, dunes are found 
on Earth, Mars, Venus, 
Titan, and perhaps even 
Pluto. Planetary scientists 
study them from orbit to 
infer wind directions—like 
a “free wind sock,” says Jani 
Radebaugh, who studies 
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Titan’s dunes at Brigham Young University 
in Provo, Utah. They can also use them to 
infer wind speed. From theoretical models 
and wind tunnel tests using crushed walnut 
shells to mimic sand blowing in Mars’s weak 
gravity, researchers have estimated that 
wind speeds need to reach about 15 to 20 
meters a second for martian dunes to form. 
Researchers hope to check those numbers 
by studying a handful of Curiosity’s images 
of moving dunes snapped on days when the 
rover also took wind measurements, says 
Nathan Bridges, a planetary scientist at 
Johns Hopkins University Applied Physics 
Laboratory (APL) in Laurel, Maryland. 
Other scientists on the Curiosity team are 
studying the size, chemistry, and color of 
martian dune sand. On Earth, dunes con- 
sist mainly of quartz grains, eroded from 
the granite that makes up much of the 


Crossing the dunes 
Since landing in 2012, NASA's Curiosity rover has trundled toward its mountain target, Aeolis 
Mons (also called Mount Sharp), but it must cross potentially hazardous sand dunes. For 
several weeks this past December and January, the rover stopped to investigate the dunes. 


Dune campaign 


Sand 
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Kilometers 


Ripples 3 meters apart mingle 
with centimeter-scale ripples on 
the flanks of Mars’s Namib Dune, 
which spans hundreds of meters. 


continental crust. On Mars, 
by contrast, dunes are 
made up mostly of dark, 
dense minerals like olivine, 
from volcanic basalt. The 
dunes get darker with time 
as finer dust, which con- 
tains lighter-colored feld- 
spar minerals, blows away. 
Ehlmann says __ studying 
how the martian wind sorts 
grains by size and composi- 
tion will help researchers 
understand other changes 
that occur as the sediment 
turns into stone. 

But at the LPSC, scien- 
tists were most excited by the discovery of 
the large ripples. In addition to spotting 
them in the Curiosity images, Lapotre and 
his colleagues have identified them at doz- 
ens of sites all over the planet in images 
taken from orbit. They found that at higher 
elevations, where the atmosphere is thinner, 
the ripples are farther apart. If these ripples 
can be found in old rocks, Radebaugh says, 
“you can get a good sense of what the paleo- 
atmosphere was like.” 

If the large ripples are forming because 
of atmospheric influences rather than the 
impact mechanics of hopping sand grains, 
then, technically, they would be dunes 
rather than ripples. Lapotre says they seem 
to be similar to dunes found in riverbeds on 
Earth. Just as waves on the water’s surface 
shape the bottom, invisible “boundary lay- 
ers” in the atmosphere may sculpt ripples 
on the surface of Mars. 

Not everyone is con- 
vinced that the ripples are 
a new type of dune. “They 
could just be big ripples” 
left over from a windier 
martian past, says Ralph 
Lorenz, an APL planetary 
scientist. But Fenton says 
Lapotre and_ colleagues 
have spotted slip faces— 
signs of miniavalanches— 
on the lee sides of some 
of them. Larger dunes 
share such slumping fea- 
tures, but small ripples 
lack them. The new-dune 
scenario is “plausible,” she 
says. “I’m happy that some- 
body has put forward an 
explanation, because it has 
bugged me.” & 
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CANCER RESEARCH 


Brazil bill would legalize renegade cancer pill 


Government races to put “fosfo” through clinical testing 


By Herton Escobar, in SGo Paulo, Brazil 


showdown over a_ controversial 

cancer therapy has intensified, pit- 

ting Brazil’s scientists against its 

congress. Last week, responding to 

a clamor from politicians and des- 

perate patients, the congress voted 
to legalize the production and distribu- 
tion of synthetic phosphoethanolamine, 
even though the putative cancer drug has 
not been clinically tested or registered 
with the Brazilian Health Surveillance 
Agency (Anvisa). 

Scientists blast the legislation 
as a travesty. Apart from patient 
testimonials and a few prelimi- 
nary studies in tumor cell lines 
and in mice, critics say, there 
is no evidence for safety or ef- 
ficacy of the compound, popu- 
larly known as the “cancer pill” 
or “fosfo.” The Brazilian Society 
for the Advancement of Science 
called the bill “a grave affront to 
the scientific community,’ and 
urged Brazilian President Dilma 
Rousseff to veto it. 

The pressure couldn’t come at 
a worse time for the embattled 
president, who is facing a series 
of corruption scandals that have 
undermined public support for 
her administration. She is also 
fighting an impeachment pro- 
cess in congress, related to al- 
legations of fiscal improprieties. Vetoing 
the bill would mean defying public opin- 
ion and the congress on an emotionally 
charged issue. Signing it would draw op- 
probrium from the scientific community 
and compromise the authority of Brazil’s 
regulatory agencies. She has until 13 April 
to decide. 

Phosphoethanolamine is a common 
molecule in the body. Gilberto Chierice, an 
analytical chemist at the University of Sao 
Paulo in Brazil, developed the synthetic 
version in the early 1990s. In press inter- 
views, he has explained that he became 
interested in the molecule after reading 
about its association with tumors. He hy- 
pothesized that the compound induces 
programmed cell death and tags malig- 
nant cells for the immune system to attack. 
Chierice, now retired, did not respond to 
requests for comment, but he has stated 
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to other media that for about 20 years— 
starting long before the first studies on 
the compound’s putative anticancer ef- 
fects appeared in peer-reviewed journals 
in 2011—his lab freely gave it to patients 
without authorization from Anvisa or the 
university. Observers estimate it was sev- 
eral thousand. 

In June 2014, a University of Sao Paulo 
directive forced Chierice’s lab to shut down 
the operation. Outraged that the drug was 
no longer available, patients and their 
families started suing the university. The 


For 20 years, synthetic phosphoethanolamine was made in this University of 
So Paulo lab and distributed to cancer patients without regulatory approval. 


number of lawsuits skyrocketed after June 
2015, when national media began running 
stories about people claiming that the com- 
pound alleviated their symptoms or even 
cured them of cancer. Several judges have 
ruled in favor of plaintiffs. The university 
says it already has received close to 15,000 
court orders obligating it to continue sup- 
plying individual patients with the now 
iconic blue-and-white “cancer pills.” 

The university is fighting the injunc- 
tions while waiting for the issue to be set- 
tled, either by a ruling from the Supreme 
Federal Court or by the pending legisla- 
tion. Until then, the compound continues 
to be produced in an artisanal process at 
Chierice’s former lab and given to patients 
free of charge under court order. Only one 
scientist there now knows how to make it. 

In the meantime, the federal govern- 
ment is racing to get the compound tested 
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properly. Initial results from _preclini- 
cal studies at four independent labs, re- 
leased on 18 March, were not promising. 
The labs found that the pills contain only 
30% phosphoethanolamine. The substance 
doesn’t appear to be toxic—but it doesn’t 
appear to kill cancer cells, either. Chierice 
and his group asserted in interviews and 
in a court brief that the results are invalid, 
because concentrations of the compound 
in the experiments were too low and it 
must be metabolized to acquire its anti- 
tumor properties. 

The discouraging results have 
not deterred a clinical trial, 
funded by the Sao Paulo state 
government, that’s set to begin 
this spring. The drug will be 
tested against 10 tumor types, 
including breast, prostate, liver, 
pancreatic, and skin cancer, in 
up to 1000 patients at four pub- 
lic hospitals. “We really hope this 
works,” says Paulo Hoff, an onco- 
logist and director of the Insti- 
tute of Cancer of Sao Paulo who 
is leading the trial. But, he says, 
“we can’t ignore the absence of 
data and turn that into a legiti- 
mate treatment, sanctioned by 
the state.” 

Even the first author of six 
papers that describe the com- 
pound’s potential anticancer ef- 
fects says congress’s move was 
“premature.” “Congress is not the 
competent forum to say whether a drug 
should be given to patients. It undermines 
the authority of Anvisa and the credibility 
of the scientific community,” says Adilson 
Kleber Ferreira, a pharmaceutical chem- 
ist at the University of Sao Paulo. He is no 
longer connected with Chierice’s group, 
but he believes the compound is promising 
and worthy of further study. 

Many scientists remain deeply skepti- 
cal that fosfo will live up to its reputation. 
Although it may yet prove to have thera- 
peutic benefits, it’s unlikely that one sub- 
stance works against so many tumor types, 
says Ademar Lopes, vice-president of the 
A.C. Camargo Cancer Center in Sao Paulo. 
“T don’t believe in miracles when it comes 
to cancer.” & 


Herton Escobar is a writer in Sao Paulo, 
Brazil. 
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SCIENCE FUNDING 


The Experimental Lakes Area 
project in northwestern Ontario 
benefits from a new budget. 


Canadian scientists smile at 
Liberals’ déja vu budget 


Trudeau offers warm support for basic research 


By Wayne Kondro 


hat a difference a government 
makes. Last week the Canadian re- 
search community felt it was step- 
ping out of the darkness and into 
the sunshine after Prime Minister 
Justin Trudeau unveiled his first 
budget since taking office last November. 

The 2015-16 fiscal blueprint pumps up the 
country’s three funding councils after years 
of static or declining budgets. It also resur- 
rects several initiatives from the last budget 
a Liberal government presented, in 2005, 
before the Conservatives took power under 
Stephen Harper and launched what many 
scientists regarded as a “war on science.” 

On 22 March Finance Minister Bill 
Morneau presented a budget that includes 
a host of scientific goodies—and promised 
more to come—as part of what he called “a 
new vision for Canada’s economy as a center 
of global innovation, renowned for its science, 
technology, resourceful citizens, and globally 
competitive companies.” Morneau also said 
the new policies would be “evidence-based,” 
a parting shot at what Liberals regarded as 
Harper’s ideologically driven decisions to 
shift resources away from basic research and 
into applied areas and muzzle discussion of 
climate change. 

“Overall I am quite impressed,” says Katie 
Gibbs, who leads Evidence for Democracy, 
a pro-science advocacy group based in Ot- 
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tawa. “I think it shows strong support for 
science, and it marks a significant turning 
point for science in Canada compared with 
previous budgets.” 

The new spending plan adds $23 mil- 
lion apiece to the budgets of two granting 
councils—the Canadian Institutes of Health 
Research (CIHR) and the Natural Sciences 
and Engineering Research Council of Can- 
ada (NSERC)—and $12 million to the Social 
Sciences and Humanities Research Council 
(SSHRC). The boosts augment a $37 million 
increase for all three councils announced 
last year by Harper that goes into effect this 
year. NSERC’s budget will rise to $866 mil- 
lion, CIHR’s to $789 million, and SSHRC’s to 
$559 million. Support for the indirect costs of 
research at universities will rise by $15 mil- 
lion, to $261 million. 

Trudeau also announced that he has asked 
his science minister, medical geographer 
Kirsty Duncan, to conduct “a comprehensive 
review of all elements of federal support for 
fundamental science.” One important goal is 
to make sure that Canada continues to partic- 
ipate in big-science projects and other inter- 
national collaborations. The new budget, 
for example, includes a promise to shell out 
$290 million over 4 years to secure Canadian 
participation in the International Space Sta- 
tion through 2024. Duncan will also examine 
the status of young scientists and the opera- 
tions of the granting councils. 

“T think they’re trying to at least signal 
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through this exercise that they’re paying at- 
tention to the concerns of the science com- 
munity,’ says Paul Dufour of the Institute for 
Science, Society and Policy at the University 
of Ottawa. Of course, he adds, “how that’s 
going to translate into more money and re- 
sources is another story.” 

In the meantime, scientists are pleased 
with many details in an overall budget of 
$243 billion, a nearly 7% boost in spending. 
As expected, the government touted its cli- 
mate change agenda. The budget blueprint 
includes $1.532 billion over 2 years for initia- 
tives that reduce greenhouse gas emissions, 
$100 million over 5 years for “clean technol- 
ogy research, development and demonstra- 
tion activities,” and $15 million over 8 years 
to create two Canada Excellence Research 
Chairs in “clean and sustainable technology.” 

In another reversal of Conservative poli- 
cies, Morneau announced plans to spend 
$151 million over 5 years to reinvigorate 
ocean and freshwater sciences. That amount 
includes an unspecified amount for the Ex- 
perimental Lakes Area (ELA), a freshwater 
research facility in northern Ontario whose 
$1.53-million-per-year federal appropriation 
was axed by Harper in 2013. No longer a fed- 
eral facility, ELA has broadened its funding 
base to sustain operations. 

The Trudeau government will also resur- 
rect two other big initiatives killed by the 
Conservatives. The first, a “Post-Secondary 
Institutions Strategic Investment Fund,’ re- 
vives a 2005 plan for improving university 
infrastructure. It will provide $1.53 billion 
over 3 years for universities and colleges to 
“modernize research labs, retrofit buildings 
used for advance training, and expand on- 
campus incubators that support startups as 
they grow their businesses.” 

The other resurrected plan will promote 
more university-industry linkages by way of 
“large-scale integrated facilities.” They would 
serve as sort of incubator-centers for startup 
companies, venture capitalists, and business 
service providers located near a university or 
government research institute. The Trudeau 
government plans to provide $612 million 
over 4 years for such innovation clusters. 

To Dufour, however, the new emphasis on 
basic research is the best news of all. “There’s 
the famous phrase from the former prime 
minister, that ‘science powers commerce: 
And for the Conservative administration, 
that’s all that mattered,’ he says. “Whereas 
this government has made it clear that they 
respect and value science and scientists, and 
that basic science is important to the econ- 
omy and society.” 


Wayne Kondro is a writer based in Ottawa; 
Brian Owens, a writer in New Brunswick, 
Canada, provided additional reporting. 
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No-strings awards at NIH draw concern 


Some recipients say they didn’t expect deep cuts in funding 


By Jocelyn Kaiser 


fter years of roller-coaster fund- 
ing for her lab, yeast geneticist Sue 
Jinks-Robertson of Duke University 
Medical Center in Durham, North 
Carolina, was thrilled early last year 
when her sole funding source, the 
National Institute of General Medical Sci- 
ences (NIGMS), announced a new kind of 
award that promised stability. She could 
trade her three small, project-based grants, 
which had to be renewed every 4 years, for 
a single award that would provide 5 years 
of steady funding. But when NIGMS called 
Jinks-Robertson in February to tell her she 
had won this new option, the Maximizing 
Investigators’ Research Award (MIRA), her 
excitement quickly turned to shock. Her 
funding, she learned, would be cut 20% 
compared with her average over the last 5 
years, from $427,300 to $345,000 a year. 
Jinks-Robertson, 61, isn’t the only mid- 
career or senior investigator who feels 
duped. Two disillusioned recipients at 
Memorial Sloan Kettering Cancer Cen- 
ter in New York City, Maria Jasin and 
Christopher Lima, say they've been in 
touch with at least 16 of their fellow award- 
ees who have serious concerns about the 
impact of the cuts on their labs. About five 
investigators have turned down MIRAs, 
for various reasons, NIGMS says. 
Most of the unhappy MIRA recipients 
who corresponded with Science did not 


“[[ feel like] my legs were 
cut out from under me.” 
A MIRA recipient 


want to be quoted by name because they 
didn’t want to be seen as “whiners,” or they 
worried NIGMS would cut their funding 
further. But one mid-career investigator 
who had a large program on cell biology 
slashed by 40% says she feels like “my legs 
were cut out from under me.” She will now 
write proposals to other National Insti- 
tutes of Health (NIH) institutes to make 
up the difference—an outcome the MIRA 
program was intended to avoid. 

MIRAs are part of an effort across NIH 
to expand the agency’s use of awards that 
support people based on their track re- 
cord, not projects, a model long followed 
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by the Howard Hughes Medical Institute 
(Science, 25 July 2014, p. 366). To pilot test 
the program, in January 2015 NIGMS in- 
vited established investigators with at least 
two standard ROI research grants to apply 
for a MIRA, which prom- 
ised 5 years of support— 
longer than the usual 
4-year RO1 grant—in ex- 
change for “somewhat less” 
funding. Of 710 eligible 
investigators, 179 applied 
and NIGMS expects to 
make at least 115 awards. 
On average, the new 
awards amount to a 12% 
cut in a recipient’s overall 
average NIGMS funding 
for the past 5 years, with 
much deeper cuts for some. 
Small labs expect to get 
even smaller; large ones 
are preparing to down- 
size or scramble for other 
funds. Jinks-Robertson, for 
instance, says unless she 
can scrape up other funds, 
her six-person lab will drop 
to no more than a techni- 
cian, graduate student, 
and postdoc. And because 
NIGMS rules did not al- 
low her to apply to renew 
her standard RO1 grants 
as a backup option, she 
felt she had no choice but 
to accept the new award. 
“It was, take it or leave it,” 
she says. Researchers at 
medical schools, like Jinks- 
Robertson, are being hit 
particularly hard because, 
unlike their colleagues at 
universities, they usually 
must get at least half their 
salary from their grants. 
NIGMS Director Jon 
Lorsch, in Bethesda, Mary- 
land, says only a “small mi- 
nority” have complained, 
and that NIGMS was “very 
clear” that a MIRA would entail less money 
overall in exchange for an extra year of 
stable funding and freedom to pursue new 
ideas not tied to a specific project. By sav- 
ing money, he adds, the program aims to 
free up funds for younger investigators. 
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Security, at a price 


Some scientists say that 
anew type of federal grant that 
promises stable support, 
the Maximizing Investigators’ 
Research Award (MIRA), offers 
less funding than expected. 


179 


Number of program 
applicants for NIGMS’ 
first MIRA round 


115 


Number of program 
awardees 


~) 


Recipients who 
declined award 


$420k 


Median size of two NIGMS 
ROIs (direct costs) 


$400k 


Median size of MIRA 
award (direct costs) 


12% 


Average cut, for 
MIRA recipient, in 5-year 
funding level 


But some have complained that the award 
seems intended to accomplish that by per- 
suading senior investigators to wind down 
their labs and retire. 

One “irony,’ Lorsch says, is that when 
the program was first dis- 
cussed, the fear was that it 
would be “a big giveaway to 
already well-funded investi- 
gators that would make dis- 
parities worse.” Instead, it 
will redistribute the wealth, 
NIGMS says: The notice for 
a first round of MIRAs for 
early career investigators 
promises awards “some- 
what larger” than the aver- 
age NIGMS ROI grant for 
new investigators. 

Despite the grumbling 
from some MIRA recipi- 
ents, members of NIGMS’s 
advisory council, who ap- 
proved the program earlier 
and recently received an 
update, remain supportive 
of the program, says coun- 
cil member Rick Horwitz, 
executive director of the 
Allen Institute for Cell Sci- 
ence in Seattle, Washing- 
ton. “My own view is we 
need to spread resources 
enough to support a criti- 
cal mass of labs with di- 
verse approaches,” he says. 

Still, NIGMS is respond- 
ing to the concern that 
MIRAs may not work for 
everyone by giving more 
leeway to established in- 
vestigators who apply for 
the next round of MIRA 
grants: Applicants will 
have more time to renew 
their ROls if they don’t 
get a MIRA or decide not 
to accept it. And at least 
one MIRA recipient thinks 
the program will remain 
a popular option. Howard 
Ochman of the University of Texas, Austin, 
who studies microbial genome evolution, 
says that although his six-person lab will 
probably go down by one postdoc, “It’s a 
relief. I know I can continue [supporting] 
those who remain.” 
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FEATURES 


B (green) and T cells (red) 
assemble inside a tertiary 
lymphoid structure. 


IMMUNITY 


OES LOCAL 


The temporary immune command posts that form near 
infections or inflammation draw clinical interest 


ancy Ruddle just could not make 
her mice get sick. During the 1990s, 
the immunologist at Yale Univer- 
sity School of Medicine and her 
colleagues spent months trying 
to create a strain of diabetic mice. 
In hopes of inducing the hallmark 
of type I diabetes—destruction of 
the insulinmaking £ cells by the 
immune system—they had genetically al- 
tered the animals to trigger inflammation 
in the pancreas, where the cells reside. 
But the mice—and their B cells—remained 
stubbornly healthy. “At first we were rather dis- 
appointed with them,’ Ruddle recalls. “We 
said we'd better find out what was going on.” 
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By Mitch Leslie 


Peering through a microscope at pancre- 
atic tissue from one of the mice, a colleague 
of Ruddle’s spotted something unexpected. 
He announced, “this is a lymph node,” 
Ruddle says. She was certain he was wrong 
because the pancreas doesn’t contain these 
immune system outposts, where cells mus- 
ter before being activated to fight microbes. 
Ruddle figured he had just seen one of 
the loose gatherings of immune cells that 
sometimes appear at sites of inflammation. 

But after studying his find and other sim- 
ilar structures in the animals’ kidneys and 
skin, she and her lab members had to admit 
that the structures looked a lot like lymph 
nodes. They showed the same segregation 
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of two main kinds of immune cells, B and 
T cells, and the same distinctive small veins 
that allow immune cells to enter the nodes. 
“That was one of the things that convinced 
me” that the objects weren’t just flash mobs 
of immune cells, Ruddle says. 

Two decades later, immunologists are 
convinced that these structures are far 
more important to the body’s immune de- 
fenses, and to strategies for manipulating 
them, than Ruddle could have imagined. 
Researchers now call what she and her col- 
leagues observed tertiary lymphoid struc- 
tures (TLS) or tertiary lymphoid organs: 
organized congregations of immune tissue 
that can sprout at sites of inflammation 


1 APRIL 2016 + VOL 352 ISSUE 6281 21 


Downloaded from on Ma 


NEWS | FEATURES 


or infection almost anywhere in the body. 
They appear to serve as local command cen- 
ters that instigate immune system counter- 
attacks against pathogens and tumors—and 
may also promote the self-directed attacks 
of autoimmune diseases and the rejection 
of transplanted organs. 

These days, research on TLS “is explod- 
ing,” says immunologist Andreas Habenicht 
of the University of Munich in Germany. 
Armed with new understanding of the sig- 
nals that create these structures, drug com- 
panies have even begun testing compounds 
to block TLS formation in people with auto- 
immune diseases. 


RUDDLE’S LAB WASN’T THE FIRST to 
discern TLS—and, it turns out, the struc- 
tures didn’t explain the diabetes-free mice. 
Researchers noted these oddities as far 
back as the early 1900s but largely ignored 
them. But her group’s rodent findings, 
published in 1996, made the structures im- 
possible to overlook, others say. “In hind- 
sight you went, ‘Wow, that’s an amazing ob- 
servation,” says immunologist Troy Randall 
of the University of Alabama, Birmingham. 

For decades, scientists thought that the 
defensive responses of B and T cells began 
in the lymph nodes, spleen, and related 
tissues—the so-called secondary lymphoid 
organs. (The bone marrow and thymus are 
the primary lymphoid organs.) At these 
sites, B and T cells meet up with antigens, 
distinctive molecular bits from invading 


microbes or tumors that trip the immune 
system’s alarms. These encounters, along 
with stimulatory signals from other im- 
mune cells, switch on T cells’ pathogen- 
fighting capabilities and spur B cells to 
mature into antibody producers. 

Researchers have determined, however, 
that B and T cells can interact with anti- 
gens and receive marching orders within a 
TLS as well. In a 2009 study, for instance, 
immunologist Reinhold Forster of Han- 
nover Medical School in Germany and 
colleagues exposed mice to a virus and 
then found that T cells that could react 
to it were activated in TLS. “They are lo- 
cal sites of organization of attack against 
a virus or other pathogen,” says immuno- 
logist Bart Lambrecht of Ghent University 
in Belgium. 

Although secondary lymphoid © or- 
gans assemble only at defined locations 
during embryonic development, TLS form 
whenever and wherever they are needed, 
at trouble spots throughout the body. 
TLS appear, for example, in the lungs of tu- 
berculosis patients as well as near or inside 
tumors. Immunologist Jorge Caamano of 
the University of Birmingham in the United 
Kingdom and colleagues reported that 
fat within the abdominal cavity is riddled 
with the structures, which may help battle 
pathogens that escape from the gut. TLS 
also arise in several autoimmune diseases— 
in the brains of people with multiple sclero- 
sis and in the joints of people with rheuma- 


toid arthritis—and in transplanted organs 
being rejected. 

Researchers have a general picture of 
how TLS assemble. The process begins 
when inflammation draws immune cells to 
the site of an infection or injury. By produc- 
ing signals, which can include a molecule 
called lymphotoxin, those cells in turn 
stimulate stromal cells, residents of the 
local tissue, to provide a scaffold for the 
incipient TLS and lure T and B cells. But 
many details of TLS formation remain mys- 
terious, including which cells are key to 
building them. “The challenge is to under- 
stand what are the driving cells,” says im- 
munologist Simon Jones of Cardiff Univer- 
sity in the United Kingdom. “There are a 
number of candidates.” 

Although most TLS are microscopic, 
they can grow much larger—in the rare 
condition follicular bronchiolitis, they can 
be big enough to clog the tubes that bring 
air into the lungs. But unlike secondary 
lymphoid organs, which are permanent, 
TLS typically disassemble, sometimes 
within a few weeks, after inflammation or 
infection clear. 

Positioning TLS on the battlefields where 
immune cells are fighting pathogens or tu- 
mors could provide some strategic advan- 
tages. “It’s nice to have a factory nearby,” 
where immune defenses, such as anti- 
bodies, are forged, Lambrecht says. Local 
command posts could make it easier for 
roused immune cells to track down their 


Immunity’s MASH units 


Tertiary lymphoid structures (TLS) organize on-the-spot immune responses. 


: 3 Structure forms 


1 Infection begins : 2 Cells congregate 


Avirus has begun invading and killing cells in one part of : Immune cells swarm into the site of the infection. 
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Acompleted TLS contains activated T cells that can 
recognize the virus (inset). B cells that matured there 
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targets, says immunologist Walter Storkus 
of the University of Pittsburgh in Pennsyl- 
vania. “The cells are being activated in the 
environment in which they are supposed 
to act.” TLS may also bolster defenses for 
parts of the body, such as the lungs, that 
are regularly exposed to pathogens but 
don’t have a lot of secondary lymphoid or- 
gans, Forster says. 


BUT THOSE ADVANTAGES are far from 
certain. Indeed, one of the most important 
questions about TLS is how much they con- 
tribute to immune responses. The hundreds 
of lymph nodes in our bodies are perfectly 
good at arranging liaisons between anti- 
gens and B and T cells, so what do TLS add? 

One direct test demonstrated that, at 
least in mice, TLS can substitute for sec- 
ondary lymphoid organs. In a 2006 study, 
Randall and colleagues surgically removed 
the spleens of mice that had been geneti- 
cally modified to lack lymph nodes. They 
then infected the mice with the flu. Randall 
expected that a lack of secondary lymphoid 
organs would leave them defenseless. But 
the mice survived. “In fact, they did way 
better than the normal mice,” he says. 

Randall recalls he was taken aback by 
the findings and suspected a mix-up. “Pll 
bet the cages got switched,” he told his of- 
fended lab technician, insisting that she 
redo the experiment. Three months later 
she returned in triumph with the same re- 
sults. The mice could still generate TLS— 
which were enough to sustain a strong 
immune defense. “The immune response 
was amazingly functional with just [TLS],” 
Randall says. 

Although similar experiments aren’t pos- 
sible in humans, indirect evidence suggests 
that TLS take part in our immune defenses 
as well. Studies in cancer patients have typ- 
ically shown that the more TLS they have in 
or near their tumors, the higher their odds 
of survival. “I liken them to MASH units 
that take up positions at the border of the 
tumor,” Storkus says. In people with auto- 
immune diseases, on the other hand, in- 
creased numbers of TLS signal more severe 
tissue damage, several studies indicate. 

So far, however, “we have a correlation” 
between TLS abundance and the sever- 
ity of various conditions but no under- 
standing of mechanism, Randall says. In- 
stead of driving tissue destruction in auto- 
immune diseases, he notes, TLS could rep- 
resent the body’s attempt to stop it. “The 
evidence on whether they are good or bad 
is still very much debated,” says immuno- 
logist Francesca Barone of the University of 
Birmingham in the United Kingdom. 

Two recent studies underscore that 
uncertainty. When cancer biologist Eli 
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Pikarsky of Hebrew University-Hadassah 
Medical School in Jerusalem and col- 
leagues tested 82 people who'd had surgery 
for liver cancer, they discovered to their 
surprise that larger numbers of TLS indi- 
cated an increased likelihood of tumor re- 
currence and a greater risk of dying. The 
researchers suspected that the TLS were 
somehow aiding tumor growth. 

To find out how, the team genetically 
modified mice to trigger inflammation in 
their livers. Inflammation drives liver can- 
cer in people, and it spurred the mice to de- 
velop tumors in the organ—and to produce 


“In hindsight you went, 
‘Wow, that’s an amazing 


observation.’ ” 


Troy Randall, University of Alabama, 
Birmingham 


TLS there as well. The researchers reported 
in Nature Immunology last year that in- 
stead of fighting cancer cells, TLS in the 
rodents served as cradles, or niches, where 
precancerous cells could develop into tu- 
mors. “You can actually see the tumors bud 
out of the niche—I don’t know if it’s beauti- 
ful or sad,” Pikarsky says. 

The second study, published in Jmmu- 
nity last year, challenged the conventional 
wisdom about the role of TLS in athero- 
sclerosis. Because the structures may 
worsen inflammation in autoimmune 
diseases, researchers assumed that they 
promote atherosclerosis, in which ves- 
sels become inflamed as well as clogged. 
But when Habenicht and colleagues dis- 
rupted TLS in mouse arteries by engineer- 
ing smooth muscle cells in the vessels to 
lack the lymphotoxin receptor, the animals 
developed more severe atherosclerosis. 
“We've discovered that in the arteries they 
seem to be protective” at least under certain 
conditions, Habenicht says. He and his col- 
leagues speculate that TLS inhibit athero- 
sclerosis because they host regulatory 
T cells, which dial down inflammation. 


DESPITE THE UNCERTAINTIES about 
TLS effects, researchers and several drug 
companies have been trying to develop 
ways to manipulate these structures for 
disease treatments. The first drug tailored 
to suppress TLS to reach clinical trials is 
baminercept, developed by the pharma- 
ceutical company Biogen. The drug, de- 
signed to prevent activation of the lympho- 
toxin receptor, has already undergone two 
phase II clinical trials to gauge its effec- 
tiveness against rheumatoid arthritis and 
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SjOgren syndrome, an autoimmune disease 
in which immune cells attack the salivary 
glands and the glands that produce tears. 

So far the drug, which fuses an antibody 
to the lymphotoxin receptor, has been a dis- 
appointment. Baminercept didn’t help rheu- 
matoid arthritis patients. And in a recent 
trial in people with Sjégren syndrome, it 
didn’t increase the production of saliva, the 
study’s standard of effectiveness. Rheumato- 
logist E. William St. Clair of Duke Univer- 
sity in Durham, North Carolina, one of the 
leaders of the trial, says that he and his 
colleagues are trying to determine why 
by testing salivary gland biopsies from 
the patients. 

Other drugs aimed at inhibiting TLS 
could soon be ready for testing. VX5, an 
antibody designed to block a molecule that 
helps stimulate TLS growth, is undergoing 
animal studies sponsored by the biotech 
firm Vaccinex. Some scientists are also test- 
ing whether approved drugs, such as the B 
cell-killing antibody rituximab, curb TLS 
formation in people with autoimmune dis- 
eases, such as Sj6gren syndrome. 

Researchers are also _ investigating 
whether inducing TLS could be beneficial 
in some diseases. Immunologist Yang-Xin 
Fu of the University of Texas Southwestern 
Medical Center in Dallas and colleagues 
have evidence that stimulating TLS could 
improve the response to a set of powerful 
new anticancer drugs called checkpoint in- 
hibitors. These molecules thwart a mech- 
anism that protects tumors from T cell 
attacks, but only 20% to 30% of patients 
benefit from them. 

In a study published in March in Can- 
cer Cell, Fu and colleagues hitched a pro- 
tein known as LIGHT, which stimulates 
the lymphotoxin receptor and triggers TLS 
creation, to an antibody that latches onto 
certain cancer cells. Injected into mice 
with cancer, the combination homed in 
on the tumors and induced the growth of 
structures that resembled TLS. The T cells 
that swarmed into the tumors to produce 
these structures ultimately eliminated the 
cancerous growths—something not seen in 
mice treated with the checkpoint inhibitor 
alone. If researchers can deliver LIGHT to 
human tumors, it might boost the percent- 
age of patients who benefit from check- 
point inhibitors to 70% or 80%, Fu says. 

Whether the efforts to harness TLS for 
treatments will pay off isn’t clear. But inter- 
est in the structures continues to expand, 
and Ruddle, who is now an emeritus pro- 
fessor, says she is surprised at how much 
research her group’s 20-year-old finding 
has spawned. After all, she and her col- 
leagues only wanted to understand why 
their mice didn’t get sick. 
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Farm workers are dying in southern 
India as an epidemic of a mysterious 
kidney disease goes global 


By Rhitu Chatterjee 


small crowd of villagers waits 

at a low-slung concrete school 

building in Pedda Srirampuram, 

a village in the southern Indian 

state of Andhra Pradesh. The early 

morning air is crisp and the men 

and women are dressed in light 

shawls and sweaters. Each holds 

two plastic bags—one with their 

medical records, the other with a clear plas- 

tic container of their urine. They line up to 

be seen by one of four young men at two 
large wooden tables. 

A researcher named Srinivas Rao sits 

at the first table. “What’s your name?” he 

asks a short, wiry man who is next in line. 
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“D. Kesava Rao,” the man replies, hand- 
ing over his medical records. Rao, the re- 
searcher, flips through the pages, noting 
down details. “His kidneys are not function- 
ing at all,” Rao remarks. “Both his kidneys.” 

Kesava Rao, 45, has chronic kidney dis- 
ease of unknown etiology (CKDu) and de- 
pends on dialysis to survive. “Every week 
I undergo dialysis, 4 weeks a month,” 
Rao says. A soft-spoken man with a ready 
smile, Rao has worked all his life on con- 
struction sites or coconut farms. He lived a 
healthy life and hardly ever saw a doctor, 
he says, until a fever led to an exam and 
his diagnosis. Rao didn’t have diabetes 
or, until his kidneys failed, hypertension, 
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the two main causes of chronic kidney 
disease worldwide. Nor do most of the 
other villagers who have gathered here, 
all chronic kidney disease patients, wait- 
ing to get a free blood test for creatinine, 
a metabolite and a proxy for kidney func- 
tion, and give samples of urine and blood 
for research. 

This region in coastal Andhra Pradesh is 
at the heart of what local doctors and media 
are calling a CKDu epidemic. There is little 
rigorous prevalence data, but unpublished 
studies by Gangadhar Taduri, a nephro- 
logist at the Nizam’s Institute of Medical 
Sciences in Hyderabad, in the neighboring 
state of Telangana, suggest the disease af- 
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fects 15% to 18% of the population in this 
agricultural region, known for rice, ca- 
shews, and coconuts. Unlike the more com- 
mon kind of CKD, seen mostly in the elderly 
in urban areas, CKDu appears to be a rural 
disease, affecting farm workers, the major- 
ity of them men between their 30s and 50s. 
“It is a problem of disadvantaged popula- 
tions,” says Taduri, who is leading the team 
of researchers in the village. 

A rash of similar outbreaks in other 
countries has underscored that it is a global 
problem. Some rice-growing regions of 
Sri Lanka have their own epidemic, and 
the disease is rampant in sugar-producing 
regions of Mexico and Central America 
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(Science, 11 April 2014, p. 143). It has also 
been reported in Egypt. Just about every- 
where, prevalence numbers are scarce and 
uncertain, but “there is a great deal of con- 
cern,” says Virginia Weaver, an epidemio- 
logist at Johns Hopkins Bloomberg School 
of Public Health in Baltimore, Maryland. 


“This is an illness that has substantial 
mortality. People who would [otherwise] 
be working, raising families, are dying. It’s 
quite extraordinary.” 

Public health experts and researchers are 
alarmed and baffled. In Central America, 
which has been hit the hardest, the leading 
hypothesis is that this is an occupational 
disease, caused by chronic exposure to heat 
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Women widowed by chronic kidney disease gather 
in the town of Balliputtuga, India (left), where the 
mysterious ailment has killed some 125 people. It 
mainly strikes rural farm laborers, like these men 
husking coconuts in the hot South Indian sun. 


and dehydration in the cane fields. Here in 
Andhra Pradesh, Taduri and his colleagues 
think natural toxins in the drinking water— 
lithium, for example—could contribute. 
Using the blood and urine samples from 
Pedda Srirampuram, “we're going to evalu- 
ate whether [trace elements] are really 
present in the body or not,” says C. Prabha- 
kar Reddy, one of the researchers collecting 
the samples. 
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But in India, as in Sri Lanka and Cen- 
tral America, researchers trying to ex- 
plain CKDu are pursuing a wide range of 
ideas, including excessive use of over-the- 
counter painkillers and exposure to pesti- 
cides. Nephrologist Ajay Singh of Harvard 
Medical School in Boston has found high 
levels of silica, present in some pesticides, 
in the region’s drinking water, and thinks 
it could be responsible. “There’s a smok- 
ing gun,” he says, though he concedes, 
“J don’t know whether the smoking gun 
is responsible.” 

As the global scale of the disease becomes 
clear, the search for answers is accelerat- 
ing. The beginnings of an international 
scientific network to study CKDu are tak- 
ing shape, and researchers are working on 
simple, accurate diagnostics so that they 
can map incidence around the globe—and 
try to correlate it with potential causes. 


LIKE MOST PLACES where CKDu is ram- 
pant, India doesn’t have a 
good idea how many people 
have the disease (also known 
as CKDnT, for nontraditional 
causes). But the anecdotal evi- 
dence from Andhra Pradesh 
is sobering. We have “almost 
126 widows” of men who 
have died from CKD, says 
Rajni Kumar Dolai, the chief 
of the village of Balliput- 
tuga. The total population 
of his village is 3270, which 
implies that almost 4% of 
its inhabitants have died of 
the disease. 


A : Mexico and 
By screening village popula- 


tions in a van equipped with an Some of the first been reported The southern Indian 

ultrasound machine and other reports came from in El-Minia states of Andhra 

diagnostic equipment, Taduri EI Salvador and governorate in Pradesh and Odisha 
Nicaragua. Upper Egypt. are the worst affected. 


and his colleagues came up 
with their estimated incidence 
of 15% or more in this region. Most people 
diagnosed with CKDu “didn’t have any com- 
plaints that suggested a kidney problem,” 
Taduri says. “But ... their creatinine was high.” 
Ultrasound exams revealed that they had 
“shrunken” kidneys. 

CKDu is so deadly in part because it is 
hard to detect. “It is a silent killer,” says 
A. K. Chakravarthy, a nephrologist in Nel- 
lore, Andhra Pradesh. In the disease’s early 
stages, people show no symptoms. “By the 
time they find out, itis too late,” he says. Their 
kidneys are already beyond repair, leading 
to high blood pressure, weakness, and other 
symptoms. Access to dialysis here remains 
limited, even though the state govern- 
ment of Andhra Pradesh has added _ fa- 
cilities in recent years. For many patients, 
death comes not long after their diagnosis. 
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Those lucky enough to get dialysis sur- 
vive for several years, but are unable to earn 
a living, pushing their families deeper into 
poverty. His strength and endurance sapped 
by the disease and dialysis, Kesava Rao can 
no longer provide for his family of five. His 
eldest son, now 20, has had to step into his 
father’s shoes. “He finished high school, and 
then stopped studying,” Rao says. “He’s the 
primary breadwinner of the family now.” 

In India, several research groups are on 
the trail of a cause. But each team has used 
its own methods and tools, often in isola- 
tion, making it hard to compare findings. 
Taduri and Singh, for example, have both 
worked in Andhra Pradesh for years, and 
both have pursued the hypothesis that the 
high levels of silica in drinking water could 
be responsible. Silica dust is known to dam- 
age lungs and kidneys when inhaled, but no 
one knows what it does when ingested. 

Yet the two researchers had never met 
until recently. “I wasn’t even aware that 


Hot spots of kidney failure 
The mysterious new form of chronic kidney disease strikes mainly poor, agricultural 
areas in the tropics. It takes its heaviest toll in Central America, but it has now been 
reported in other regions. 


Egypt 
The disease has 


this work was going on,” Singh says about 
Taduri’s work. Whereas Singh thinks the sil- 
ica comes from pesticides, Taduri believes it 
leaches into the groundwater from bedrock. 
Singh admits the researchers could have 
benefitted from a collaboration. “We need 
to develop a coordinated approach.” 

That is true beyond India. As scientists 
and public health experts realize that CKDu 
is a global disease or set of diseases, they 
are casting a wider net for possible causes. 
“We need to look at this from a global per- 
spective,” Weaver says. 


SOME 30 INDIAN and international scien- 
tists, physicians, and public health experts 
sit at a round table in a nondescript confer- 
ence room at The Energy and Resources In- 
stitute in New Delhi. The group is here for 
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@ Countries that first reported cases 


India and Sri Lanka 


a CKD workshop spearheaded by the La Isla 
Foundation, a nonprofit group that works 
with affected communities in Central Amer- 
ica. The goal of the January meeting: to cre- 
ate a global network of scientists studying 
the disease. 

The first task for the network is to deter- 
mine prevalence, says Ben Caplin, a nephro- 
logist at University College London who 
works in Nicaragua. “We need to know 
where are the hot spots of CKDnT,” he says. 
“Are there common environmental, occu- 
pational, and social factors shared between 
CKDnT hot spots?” 

But participants differ about how to de- 
fine the disease. Caplin proposes a working 
definition: “no alternative cause of CKD di- 
agnosed by medical professional, absence of 
diabetes, absence of hypertension.” But Singh 
says that the condition may well be a collec- 
tion of diseases caused by different factors in 
different places. By insisting on a single defi- 
nition, we are “already starting to have a bias 
on what the causes may be.” 

Neil Pearce of the London 
School of Hygiene & Tropical 
Medicine, the only epidemio- 
logist in the room, says 
screening for impaired kid- 
ney function can be done 
without making assumptions 
about causes. “We're trying 
to find populations with high 
prevalence and low preva- 
lence. This says nothing about 
the individual.” 

Getting a handle on preva- 
lence will require a standard 
screening test, however. 
Caplin, Pearce, and their col- 
leagues are developing a pro- 
tocol that can be adapted for 
different populations: a blood 
test for kidney function, a 
urine test, and a basic ques- 
tionnaire recording the participant’s age, 
sex, occupation, and income. The team is 
trying to keep it simple and inexpensive, 
Caplin says. “We don’t want to make it too 
complicated and put people off” 

The team hopes to publish the protocol in 
a peer-reviewed journal, so that scientists in 
any country can use it to screen local or re- 
gional populations with their own funds. “I 
think that using a simple protocol that will 
be affordable in different settings would 
really shed light on the extent and global 
distribution of the disease,’ says Catharina 
Wesseling, an occupational and environ- 
mental health expert at the Karolinska In- 
stitute in Stockholm. 

Wesseling studies CKDnT in Central 
America, where it takes an even heavier 
toll than in India. “Just look at the mortal- 
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ity numbers,” says Jason Glaser of La Isla. 
In Chichigalpa, Nicaragua, for example, 
“46% of all male deaths are due to CKD,” he 
says. “Seventy-five percent of deaths of men 
between 35 and 55 years are due to CKD.” 
By some estimates, the disease has already 
killed at least 20,000 people in the region. 
If the disease hitting India is identical, re- 
search in Central America could narrow the 
search for a cause. Recent studies there have 
bolstered the hypothesis that CKDu results 
from long hours of work in the heat with 
too little drinking water, leading to chronic 
dehydration. Last year, for example, a study 
by Wesseling and her colleagues showed 
that the disease has existed in Costa Rica at 
least since the 1970s, but that the death rate 
in Guanacaste province has shot up from 
4.4 per 100,000 men between 1970 and 1972 
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to 38.5 in 2008 to 2012 with the expansion 
of industrial-scale sugarcane farms. In an- 
other study, the same group showed that 
the kidney function of cane cutters in one 
Nicaraguan community declined through a 
single harvest period. “These people have a 
very scary deterioration of kidney function 
over the harvest time,” Wesseling says. 

A pilot study she and her colleagues did 
last year hinted at how chronic dehydration 
does its damage. They found high levels of 
uric acid crystals in cane cutters’ urine, es- 
pecially at the ends of their shifts. Those 
crystals could be injuring the kidneys, the 
researchers proposed. “This is an important 
mechanism we hadn’t thought about,” says 
Richard Johnson, a nephrologist at the Uni- 
versity of Colorado, Denver, and an author 
on the study. 
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In the village of 
Pedda Srirampuram 
in India, a mobile 
testing team 
studying the causes 
of chronic kidney 
disease interviews 
villagers and collects 
blood and urine 
samples. D. Kesava 
Rao (left) has no 
remaining kidney 
function. The former 
construction worker 
and farm laborer can 
no longer work and 
survives thanks to 
dialysis treatments. 


But the case is far from closed. 
“T absolutely don’t think that heat 
stress and dehydration are the 
only part of the story,’ Glaser says. 
“You see different severity [of the 
disease] in different places.” Like 
him, most scientists are not yet 
ruling out other factors. 


EVEN BEFORE scientists know 
for sure what causes the disease, 
Taduri says communities can take 
steps to reduce the risks. Provid- 
ing clean surface water sources for 
drinking, urging people to drink 
more water at work, and advis- 
ing them to stay away from pain- 
killers will improve their health 
anyway, hecontends. In El Salvador, 
Glaser and his colleagues are 
working to expand a pilot study 
called the Worker Health and Effi- 
ciency program, which prescribes 


frequent rest and _ hydration 
for workers. 
Meanwhile, in CKDu-affected 


communities in southern India, 
fear and frustration are on the 
rise. Now, says Taduri, villagers in 
Andhra Pradesh refuse to come for 
screening, fearing stigma. When a 
man is diagnosed with the kidney 
condition, “his entire family will 
feel him as a burden,” explains 
Dolai, the village chief in 
Balliputtuga. 

On a nearby farm, a group of 
men stand in a circle peeling co- 
conuts. Most are sweating in the 
midmorning sun. Each stands over 
a blade longer than his forearm, its 
wooden handle planted firmly in 
the soil. They pluck coconuts from 
a pile and swiftly pull each one 
over the blade, peeling the thick 
husk away from the hard, brown inner shell. 

The men talk as they work, and the con- 
versation turns to their creatinine levels. 
“Mine is 1.4,’ says a young man in his 30s. 
“Mine is 1.3,” another says. “One point nine.” 
“Two.” For half the men, the levels are either 
borderline or high. All work long hours un- 
der the sun, with too little water to drink. 
Their legs and backs often hurt when they 
return home in the evenings, and they turn 
to painkillers or alcohol, even though they 
know both are bad for their kidneys. 

The men understand they are at risk of 
chronic kidney disease, but believe they can 
do little to stop it from progressing. Rest is 
not an option, one says. “We have the disease, 
but we still have to work to earn a living.” & 


Rhitu Chatterjee is a writer in New Delhi. 
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In January, we asked young scientists this 
— question: Do publications (number and 
impact) convey the true value of an 
= early-career scientist? Out of the almost 
= 200 (self-selected) scientists who replied, 
about 75% did not think that publications 
=< conveyed a scientist's true value. About 
i 25% said that publications were indeed the 
fy 2" —=— most important metric. Among those who 
— disagreed, several themes emerged: 


m Publication record does not account for 
: the many intangible traits that make a good 
/ | ——= scientist. 
—— m Ayoung scientist's publication record 

= : reflects his or her country, institution, and 

| adviser more than his or her own skills. 
mw Publications overlook good work that led 
to negative results. 
= Quantity does not equal quality. 


Below, we have printed some of the most 
interesting responses. In some cases, 

we have printed excerpts of submissions 
(indicated by ellipses) and lightly copyedited 
original text for clarity. To read the complete 
versions, as well as many more, go to 
http://scim.ag/NG_18R. Follow Science's 
NextGen VOICES survey on Twitter with the 
hashtag #NextGenSci. 


... YOUNG RESEARCHERS HAVE limited con- 
trol over the number and impact of their 
publications. But being a good scientist is 
not just about impact factor; it is asking 
the right questions, helping your peers find 
solutions, discussing your work, and shar- 
ing negative results.... 
Claudia S. Barz 

Institute for Neuroscience and Medicine, INM-2, 

Research Centre Julich, 52428, Julich, Germany and 


RWTH Aachen, Medical School, 52074, Aachen, 
Germany. E-mail: c.barz@fz-juelich.de 


... UNTIL SCIENCE BECOMES a true meri- 
tocracy, and until equality in terms of race, 
gender, lifestyle, and economic background 
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becomes a reality, the system is inher- 
ently flawed. Young scientists should be 
valued by their commitment to education, 
their dedication to fighting inequality in 
science, and their efforts to democratize 
science. 

Melodie Elane Benford 


Pearland, TX 77584, USA. 
E-mail: melodie.benford@gmail.com 


A SCIENTIST SHOULD be evaluated with 
respect to his work environment. This can 
include country, institutions, group, and 
people with whom he is working. Then his 
performance should be normalized with 
these factors. 
Manoj Kumar Mishra 
Space Physics Laboratory, VSSC, 


Thiruvananthapuram, 695022, India. 
E-mail: manojkmishra79@gmail.com 


YOUNG SCIENTISTS SHOULD be evaluated 
based on their ability to convey ideas, 
interpret data, resolve problems, and gen- 
erate novel scientific ideas. These values 
can be easily overlooked if one focuses 
only on publications and impact factors. 
A mediocre young scientist may have good 
publications merely by being at the right 
place, with the right person, and at the 
right time.... 

Tiong Sun Chia 


Harry Perkins Institute of Medical Research, Perth, 
6009, Australia. E-mail: tiongsun@gmail.com 


.. IT IS IMPORTANT to consider achieve- 
ment relative to opportunity and not 
to reward opportunity as if it were 
achievement. For example, success in a 
rich country or institution is easier than 
in a poor one; researching in a presti- 
gious institute is an opportunity, not an 
achievement. 
Endymion Cooper 
School of Biological and Chemical Sciences 


Queen Mary University of London, London, E1 4NS, 
UK. E-mail: endymion.dante.cooper@gmail.com 


NUMBER AND IMPACT of publications at 
this stage depend too much on external 
factors: quality of supervision; public 
interest in research area; and, more 
than anything, luck. There is much more 
to being a good scientist than simply 
publishing research. Evaluation of young 
scientists must adopt a holistic approach, 
taking into account the challenges faced, 
their level of commitment, plus involve- 
ment in nonresearch-focused activities, 
such as teaching and public engagement. 


Kate Newton 
Department of Earth Sciences, University of 


Birmingham, Edgbaston, B15 2TT, UK. 
E-mail: ken155@bham.ac.uk 
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SUBMIT NOW: 
SCIENCE LIFE IN SIX WORDS 


Add your voice to Science! Our new 
NextGen VOICES survey is now open: 


“For sale: Baby shoes, never worn.” 
This classic story, widely attributed to 
Ernest Hemingway, paints a detailed 
picture in just six words. Now it's your 
turn! Use exactly six words to create 

a story about the life of a scientist in 
your field. (Please do not send a list of 
words that do not create a story.) 


To submit, go to http://scim.ag/NG_19 


Deadline for submissions is 13 May. 

A selection of the best responses 

will be published in the 1 July issue 

of Science. Submissions should be 
exactly six words! Anonymous submis- 
sions will not be considered. 


THE TRUE VALUE of a young scientist’s 
career would be better explained by a “net- 
working index.” This would let us know 
if rookies could establish new contacts 
and successfully collaborate with other 
research groups...rather than just being 
restricted to their immediate circle.... 
Nicolas Bonel 
Divisidn Zoologia de Invertebrados |, Departamento 
de Biologia, Bioquimica y Farmacia, Universidad 
Nacional del Sur-CONICET, Bahia Blanca, 


Buenos Aires (RA-B8000ICN), Argentina. 
E-mail: nicobonel@gmail.com 


..WE NEED A modified hf index that also 
takes into account the number of authors: 
First three and last three positions get 
standard h index evaluation. The value 
for an author in the middle should be 
the impact factor divided by the number 
of authors. The /# index should be for 
only the past 5 years. This way, it is not a 
function of age. 
Charles de Bock 
Vlaams Instituut voor Biotechnologie (VIB), 


3000, Leuven, Belgium. 
E-mail: charles.debock@cme.vib-kuleuven.be 


[SCIENTISTS] ARE NEVER remembered for 
the number of papers we’ve published, but 
for how we advance our fields. Suggesting 
otherwise to young scientists—the future 
of science—will distract from our true pur- 
pose and discourage future Boltzmanns, 


Faradays, and Bohrs.... 
Kelsey Farenhem 
Vagelos Scholars Program in Molecular Life 
Sciences, University of Pennsylvania, 
Philadelphia, PA 19104, USA. 
E-mail: farek@sas.upenn.edu 
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QUANTIFICATION OF WORK published 
during the Ph.D. candidacy does not 
convey the true value due to the large 
impact of the guidance of the adviser. 
Therefore, in the years after the Ph.D., 
..researchers should be funded directly 
from national agencies. This would 
allow them...to prove their ability to set 
their own research goals, manage their 
work, and lead others in pursuit of new 
scientific discoveries. After this period, 
their independently achieved results can 
be quantified in the same way as those of 
their more established peers. 

Jernej Zupanc 


Seyens Ltd., 1000, Ljubljana, Slovenia. 
E-mail: jernej.zupanc@seyens.com 


RESEARCH ADDRESSING REAL societal 
problems and the ability to engage the 
public convey the true value of a scien- 
tist....We can measure the public interest 
of the author’s work through media circu- 
lation of the news or altimetrics.... 
Esraa Elsanadidy 
Department of Chemistry, University of 


Connecticut, Storrs, CT 06268, USA. 
E-mail: esraa_elsanadidy@yahoo.com 


NEITHER NUMBER NOR impact factor of 
the candidate’s publication is sufficient 
to assess the true value of an early-career 
scientist. If this were the case, a number of 
well-known scientists who published path- 
breaking results after a long lull, as well as 
Nobel laureates, would have been labeled 
as underachievers.... 
Suchitra D. Gopinath 
Translational Health Science and Technology 


Institute, NCR Biotech Science Cluster, Faridabad, 
121001, India. E-mail: sgopinath@thsti.res.in 


... SOMETIMES THERE IS a huge time lag 
when measuring publication impact. How 
long did it take before the first climate 
change papers really made an impact? 
Ideas might take a while until they become 
relevant, known, or established. 
Marten Winter 

German Centre for Integrative Biodiversity Research 

(iDiv) Halle-Jena-Leipzig, sDiv—Synthesis Centre, 


04103, Leipzig, Germany. 
E-mail: marten.winter@idiv.de 


.. IT WOULD BE far better to look at an 
early-career scientist’s publication list in 
relation to a metric that correlates years 
since publication and citations received. 
This metric would...reinforce desirable 
traits such as scientific accuracy (longev- 
ity) and applicability (influence). 

K. Christian Kemp 


POSTECH, Pohang, 37662, South Korea. 
E-mail: ckemp@postech.ac.kr 
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...NOT HAVING high-impact 
publications...may indicate disci- 
pline-crossing, boundary-breaking 
work.... Hiring young scholars 
based on the value of their high- 
impact publications alone thus risks 
reinforcing normal science while 
deferring paradigmatic shifts. 
Rense Nieuwenhuis 
Swedish Institute for Social Research (SOF1) 
of Stockholm University, 


10691, Stockholm, Sweden. 
E-mail: rense.nieuwenhuis@sofi.su.se 


“IMPACT” SHOULD BE JUDGED 
qualitatively by experts by assessing 
papers, documentation for public 
data sets (especially experimental 
designs and protocols), software and 
data analysis code, and/or outreach 
and communication efforts... 
J. Steen Hoyer 
Computational and Systems Biology 
Program, Washington University in 
St. Louis, St. Louis, MO 63132, USA and 
Donald Danforth Plant Science Center, 


St. Louis, MO 63132, USA. 
E-mail: j.s.hoyer@wustl.edu 


...EARLY-CAREER scientists should 
also be evaluated by how many 
revisions and resubmissions they have 
completed after rejection. Those met- 
rics are an indicator of scientific grit, or 
the ability to persevere when met with 
adversity... 
Rosa Li 
Departments of Psychology and Neuroscience, 
Center for Cognitive Neuroscience, 


Duke University, Durham, NC 27708, USA. 
E-mail: rosa.li@duke.edu 


YOUNG RESEARCHERS SHOULD be evalu- 
ated on their ability to execute solid and 
honest science, rather than on how flashy 
their findings are. There needs to be less 
of a gap in reward between the competent 
execution of a well-planned experiment 
that ultimately leads to a negative result 
and one that leads to a positive one. To 
that end, evaluations could be partly based 
on project proposals that demonstrate the 
ability to plan and think through relevant 
topics for the field. 
Grace Lindsay 
Neurobiology and Behavior Program, 


Columbia University, New York, NY 10032, USA. 
E-mail: gwl2108@columbia.edu 


THEORETICALLY ORIENTED early- 

career scientists should be valued by 
papers—by quality, not quantity; by 
citation rates, not impact factors.... 
Meanwhile,...doctors should be appraised 
based on their success in curing their 
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“scientists should be valued by 
papers—by quality, not quantity...” 


patients, and R&D personnel should 
be valued based on their new product 
development. 
Dayuan Li 
Collaborative Innovation Center of Resource- 
conserving and Environment-Friendly Society and 


Ecological Civilization, Central South University, 
Changsha, 410083, China. E-mail: bigolee@163.com 


...WITH REGARD TO hiring and promotion, 

factors such as enthusiasm, collegial- 

ity, mentoring qualities, and the ethical 

conduct of research must be evident. It is 

upon these attributes that a satisfying and 

influential scientific career will be built... 
Anthony O’Mullane 


School of Chemistry, Physics, and Mechanical 
Engineering, Queensland University of Technology, 
Brisbane, QLD 4001, Australia. 

E-mail: anthony.omullane@qut.edu.au 


...DOES TEACHING 33 credits a year pro- 
hibit me from being considered a scientist? 
If publications are the measure, it most 
certainly does, yet I think I do play an 
important role in the scientific commu- 
nity: educating future scientists... 

Keah C. Schuenemann 


Department of Earth and Atmospheric Sciences, 
Metropolitan State University of Denver, Denver, 
CO 80217, USA. E-mail: kschuene@msudenver.edu 


..IN MANY CASES, we are allowed author- 
ship on a publication simply because 
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we are in charge of cleaning the 
laboratory glassware and helping 
with very simple experiments. Such 
a publication is not comparable to a 
publication on which there are very 
few authors and the young scientist 
is the primary contributor. 
Daniel Ramirez 
Centro de Investigacién, 
Innovacion y Desarrollo de Materiales, 


University of Antioquia, Medellin, Colombia. 
E-mail: estiben.ramirez@udea.edu.co 


...A BETTER APPROACH will be to 
subject all scientists to Yelp-like 
review criteria. Anonymous...review- 
ers will be able to grade a scientist 
based on their past interactions, on a 
number of points including bench- 
related criteria (methodology and 
efficiency), thinking ability (innova- 
tiveness of ideas and creativity), and 
mentorship and leadership abilities. 
Of course, the scientists themselves 
can respond directly to reviews 
posted about them. Furthermore, the 
quality of the reviewers contributes 
to the weight of their rating.... 
Shann S. Yu 
Ecole Polytechnique Fédérale de Lausanne, 
Swiss Institute for Experimental Cancer Research 


(ISREC), CH-1015, Lausanne, 
Switzerland. E-mail: shann.yu@epfl.ch 


PUBLICATIONS ARE THE key parameters 
for assessing young scientists. During 
their training phase, they need to learn 
literature searches, find research ques- 
tions or problems, design a study...and, of 
course, learn hands-on techniques for the 
experiments. Analyzing and interpreting 
the results is a key part of the process. 
Building a story based on the data output 
and publicizing it to the scientific commu- 
nity is the final phase of training.... 
Matiram Pun 
EURAC Institute of Mountain Emergency Medicine, 


European Academy of Bolzano, Bozen, 39100, Italy. 
E-mail: matiram.pun@eurac.edu 


ALTHOUGH NO ONE factor can quantify 
the “value” of a scientist, publications are a 
crucial part of the job. If a scientist cannot 
communicate through writing, even the 
most groundbreaking research will have 
no impact....The number and impact of 
one’s publications can therefore differenti- 
ate those who have great ideas from those 
who are able to influence the scientific 
community with those great ideas. 


Catherine Y. Li 

Vagelos Scholars Program in Molecular Life 
Sciences, University of Pennsylvania, 
Philadelphia, PA 19104, USA. 

E-mail: catli@sas.upenn.edu 
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MITOCHONDRIA 


Mitochondrial disease therapy from thin air? 


Low-oxygen treatment slows neurodegeneration in a model of a mitochondrial disorder 


By Eric A. Shoubridge 


he mitochondrial oxidative phosphory- 
lation (OXPHOS) system supplies most 
of the adenosine 5’-triphosphate (ATP) 
in the human body. Defects in this 
system are among the most common 
genetic metabolic diseases, and many 
are associated with fatal, early-onset neuro- 
degenerative conditions for which there are 
no effective treatments. On page 54 of this is- 
sue, Jain et al. (1) propose that restricting the 
oxygen supply to patients, who already have 
a defect in aerobic ATP synthesis, may be a 
form of therapy. This seems counterintuitive. 
How did the authors reach that conclusion? 

The OXPHOS machinery consists of four 
enzyme complexes in the respiratory chain 
that transport electrons obtained from the 
oxidation of carbohydrates and fats to mo- 
lecular oxygen; a fifth enzyme complex uses 
the energy derived from this process to 
drive ATP synthesis. Jain et al. first sought 
to identify genetic targets that might be 
useful in treating OXPHOS disorders using 
a clustered regularly interspaced short pal- 
indromic repeats (CRISPR)-Cas9-mediated 
genome-wide screen in a human cell culture 
model of disease. The authors mimicked mi- 
tochondrial disease by adding antimycin A, 
an inhibitor of one of the respiratory chain 
complexes, to the culture medium. Under 
this condition, cell growth is slowed and the 
cells turn to glycolysis for some of their ATP 
needs, producing lactic acid from glucose. 

To identify genetic suppressors of the 
growth phenotype caused by the respira- 
tory chain defect, Jain et al. performed a 
CRISPR-Cas9-based screen, using guide 
RNAs that disrupt most human genes. 
They then looked for enrichment of those 
guide RNAs that allowed cells to grow in 
the presence of the inhibitor, reasoning 
that whatever gene or genes had been 
disrupted would be potential targets for 
treating OXPHOS diseases. Strikingly, the 
most enriched RNAs were those targeting 
different coding regions in the gene encod- 
ing Von Hippel-Lindau (VHL) factor, an E3 


Montreal Neurological Institute, Department of Human 
Genetics, McGill University, Montreal, Quebec, Canada. 
E-mail: eric@ericpc.mni.mcgill.ca 
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ubiquitin ligase that plays a key role in the 
hypoxia response pathway (2). 

The hypoxia response pathway, which 
is conserved in all metazoans, is directed 
by hypoxia-inducible factor la (HIF-Ia), a 
transcription factor that orchestrates gene 
expression to compensate for low ambient 
oxygen (3). Genes that become activated 
include erythropoietin (EPO), a factor that 
promotes the synthesis of red blood cells, gly- 
colytic enzymes, and the glucose transporter 
to increase the potential for anaerobic glycol- 
ysis; and vascular endothelial growth factor 
(VEGF), which promotes the growth of new 
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the activation of pyruvate dehydrogenase ki- 
nase, slowing the entry of pyruvate into the 
tricarboxylic acid cycle (the chemical reac- 
tions linked to the respiratory chain) (4, 5). 
The authors also showed improved survival 
of zebrafish embryos with respiratory chain 
defects that lacked VHL, or in the presence 
of the prolyl hydroxylase inhibitor. 

The critical test was carried out in 
a mouse model of Leigh syndrome, an 
early-onset, fatal neurodegenerative dis- 
ease, and the most common presentation 
of mitochondrial disease in the pediatric 
population. The mouse model is a germline 
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Low oxygen helps. (Top) Mice with a mutation in the mitochondrial respiratory chain develop progressive 
neurodegeneration. A low-oxygen environment increases their life span and prevents the neuropathology. The 
mechanism is unknown. (Bottom) Inhibiting prolyl hydroxylase activates the hypoxia response program. 


blood vessels. Under normoxic conditions, 
HIF-1la is hydroxylated by prolyl hydroxylase, 
an enzyme whose activity is oxygen depen- 
dent. VHL recognizes the hydroxylated form 
of HIF-la, polyubiquinates it, and sends it 
for destruction in the proteasome. During 
hypoxia, prolyl hydroxylase is inactive, and 
the stabilized HIF-la can translocate to the 
nucleus to activate the hypoxia response 
program. Jain et al. added a prolyl hydroxy- 
lase inhibitor, which should constitutively 
activate the hypoxia response pathway, to 
cells treated with respiratory chain poisons 
and showed that it improved growth rates. 
Notably, the treatment decreased cellular 
oxygen consumption by half, likely due to 
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deletion of Ndufs4, a structural subunit of 
mitochondrial complex I (6), which results 
in a severe global decrease in complex I 
activity but, interestingly, no decrease in 
whole-body oxygen consumption. Mice lack- 
ing Ndufs4 develop neuropathology similar 
to that seen in Leigh syndrome; most die 
by 50 to 60 days of age. Because the prolyl 
hydroxylase inhibitor tested by Jain et al. 
does not cross the blood-brain barrier, they 
instead investigated whether exposing the 
animals to long-term hypoxia would rescue 
the neurological phenotype and increase 
survival. They chose oxygen tensions that 
humans experience in high-altitude regions 
like the Andes or Himalayas. This exposure 
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activated a strong hypoxic response, which 
included a marked increase in EPO and a 
50% increase in hematocrit, and the activa- 
tion of several hypoxia response enzymes. 
Although hypoxic exposure did not alter 
complex I activity, it increased survival, res- 
cued the strength and balance defects, and 
partially rescued spontaneous locomotor 
activity (see the figure). Mice succumbed 
faster when exposed to hyperoxia, suggest- 
ing that oxygen itself might be the culprit, 
but the mechanism is far from clear. 

Although it is reasonable to assume that 
exposure to hypoxia somehow limited oxygen 
consumption in the tissues of the Ndufs4- 
deficient mice, there is no direct evidence 
of this. Circulating lactate concentrations 
decreased under hypoxia in both wild-type 
and Ndufs4-deficient mice, indicating that 
there was less demand for anaerobic gly- 
colysis under oxygen-limiting conditions. It 
would be very informative to measure how 
much oxygen is extracted from the blood by 
different tissues in these mice, in addition to 
whole-body oxygen consumption, because 
part of the rescue may simply result from 
decreasing overall metabolic rate, as implied 
by studies performed by Jain et al. on cells 
treated with the prolyl hydroxylase inhibitor. 
If this is the case, one would predict substan- 
tial improvements in the phenotype of the 
genetically altered mice by pharmacological 
activation of the hypoxia response pathway, 
even under normoxic conditions. This idea 
could also be tested genetically by cross- 
ing the Ndujfs4-deficient mice with mice in 
which the hypoxia response pathway is con- 
stitutively active. 

Jain et al. are appropriately cautious 
about translating their results to the clini- 
cal setting. Chronic hypoxia is not medically 
benign, and loss-of-function mutations in 
VHL predispose to cancer (7). Further, the 
authors have only demonstrated efficacy in 
a single animal model, and it is not clear 
what level or duration of hypoxia might be 
necessary to slow or arrest the disease. Al- 
though questions about the mechanism and 
potential side effects remain to be studied, 
the striking response in the mouse model 
of a mitochondrial disease suggests that 
this observation will be of great interest 
to investigators in the field. Families with 
children affected by mitochondrial disease, 
who have few therapeutic options, will be 
anxious to fast-track these investigations. 
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Rethinking the Sy 2 reaction 


The gas-phase dynamics of a paradigm organic reaction 
are more complex than expected 


By Jing Xie’ and William L. Hase” 


he S,2 nucleophilic substitution reac- 
tion, X-+ RY > XR+Y,, is a paradigm 
reaction in organic chemistry (J). The 
modern understanding of the S,2 re- 
action mechanism is based on work of 
Hughes and Ingold (2), who proposed 
that the nucleophile (X-) approaches the car- 
bon atom that bears the leaving group (Y-). As 
a result, the bond between the carbon atom 
and the leaving group becomes weakened. As 
this bond breaks and a new bond forms be- 
tween the nucleophile and the carbon atom, 
the configuration of the carbon atom is in- 
verted. Analyses of gas-phase reaction rates 
led to the suggestion of a potential energy 


“subtle features, such as 
the dipole of the molecular 
reactant and the depth 

of the frontside potential 
energy well, may have 
pronounced effects on S,2 
reaction dynamics.” 


surface (PES) with two wells connected by a 
central barrier transition state (3). Electronic 
structure calculations have confirmed this 
picture for some S,2 reactions (4), but recent 
studies have shown that the actual reaction 
dynamics may be considerably more complex 
(see the figure) (5-8). 

To obtain a detailed understanding of S,2 
mechanisms, scientists, including Angela 
Merkel, have performed extensive experi- 
mental and computational studies of X~ + 
CH,Y > XCH, + Y” gas phase reactions (5, 
9-12). The traditional model for these re- 
actions assumes that the reactive system 
becomes temporarily trapped in potential 
energy wells for pre- and postreaction ion- 
dipole complexes. Given rapid and complete 
statistical intramolecular vibrational energy 
distribution in the complexes, the RRKM 
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(Rice-Ramsperger-Kassel-Marcus) theory 
may be used to model S,2 reaction kinetics 
and calculate S,2 rate constants. 

Recent work has shown that although 
the indirect, double-well mechanism may 
occur, the RRKM model for the complexes 
may be invalid and, thus, the S.2 reaction 
dynamics may be non-RRKM (5, 9). There 
are also direct mechanisms such as strip- 
ping, rebound, and frontside attack, and 
additional indirect mechanisms such as the 
roundabout (see the figure) (5, 13). The rela- 
tive importance of the indirect and direct 
mechanisms depends on the specific S.2 re- 
action and the collision energy (13). For the 
indirect, double-well mechanism, recrossing 
of the central barrier may also be impor- 
tant, violating the fundamental assumption 
of transition state theory (5, 9). For OH~ + 
CH,]I, both the S.2 and OH + CH,I > H,O + 
CH,I- proton transfer reactions occur, and 
the atomistic mechanisms are coupled for 
the two reactions. This complicates inter- 
pretation of the S,2 reaction dynamics (6). 

Stepwise addition of solvent molecules to 
the bare reactant anion offers a bottom-up 
approach to learn more about the transition 
of chemical reactions from the gas to liquid 
phase. To investigate the role of solvation 
in S,2 reactions, Otto et al. have performed 
crossed molecular beam studies of the mi- 
crosolvated OH(H,O), + CH,I reaction (n 
= 1, 2) for a range of collision energies (74). 
The results show that the dynamics for OH™ 
(H,O) differ dramatically from those for the 
unsolvated OH anion. For the unsolvated 
reaction, the indirect mechanism is of minor 
importance. For OH (H,O), indirect mecha- 
nisms are important at low energies, but at 
energies above 1 eV the dynamics switch to 
the rebound mechanism. Adding a second 
water molecule to OH, for the OH(H,0), + 
CH,I reaction, leads to isotropically distrib- 
uted products in the experiments, with no 
evidence for a direct S,.2 reaction in this case. 

These different dynamics for solvated and 
unsolvated OH may be related to properties 
of the reactants as they begin to interact. The 
unsolvated reaction proceeds from a non- 
traditional hydrogen-bonded OH---HCH,I 
pre-reaction complex, whereas the OH (H,O) 
pre-reaction complex is similar to the tradi- 
tional ion-dipole structure, with OH almost 
collinear with the C-I axis. This latter geom- 
etry favors direct backside attack, promoting 
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A multitude of mechanisms. According to the traditional picture, S,2 reactions proceed via a double-well 


mechanism. Recent studies have shown that, depending on 
other mechanisms, including those shown here, can also oc’ 


the rebound mechanism. The isotropic scat- 
tering for OH (H,O), and CH,I is suggestive 
of a long-lived pre-reaction complex. 

Two quite recent studies have provided 
more detail concerning the atomic-scale dy- 
namics of X + CH.Y reactions (7, 8). Reten- 
tion of configuration in the S,2 reaction has 
been assumed to only occur by a frontside 
attack mechanism (see the figure), but Szab6 
and Czak6 have observed a double inversion 
mechanism (see the figure) in a chemical dy- 
namics simulation of the F- + CH,Cl reaction 
on an accurate global PES (7). The double in- 
version only contributes 1 to 2% to the total 
S,2 reaction rate. Nevertheless, the finding 
of this pathway is important and intrigu- 
ing. The double-inversion mechanism results 
from coupling between the proton transfer 
and S,2 pathways. The relationships between 
the double-inversion pathway and the min- 
ima and transition states on the F- + CH,Cl 
PES remain to be elucidated. 

In combined crossed molecular beam, ion 


the reactants and the reaction conditions, numerous 
cur. 


simulations, Stei et al. have studied the influ- 
ence of the leaving group on the dynamics of 
the F-+ CH,Cl and F + CH,I S,2 reactions 
(8). The two reactions have very similar PESs 
and energetics. Both have hydrogen-bonded 
and traditional backside pre-reaction com- 
plexes, which are very similar in energy and 
connected by a low-barrier transition state. 
The pre-reaction region of the PES is con- 
nected to the S,2 products by the traditional 
[F--CH,--X] transition state. The reactions 
are barrierless and highly exothermic. 

Yet, despite these similarities, the two re- 
actions have decidedly different reaction 
dynamics. The rebound mechanism is im- 
portant for the chlorine reaction but not 
for the iodine reaction. Direct stripping is a 
dominant mechanism for the iodine reaction 
but only plays a minor role for the chlorine 
reaction. The occurrence of the rebound 
mechanism for the chlorine reaction at large 
impact parameters suggests that F- orients 
CH,Cl more efficiently than CH,I. This is 


imaging experiments and chemical dynamics 
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consistent with the larger dipole moment of 
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CH,Cl as compared with CH,I, which would 
result in enhanced orientation for CH,Cl with 
backside attack and the rebound mechanism 
at large impact parameters. In addition, the 
iodine reaction has a frontside complex with 
a potential energy minimum of 22 kcal/mol; 
the equivalent minimum for the chlorine re- 
action is only 3 kcal/mol. This deep frontside 
potential energy minimum for the F---ICH, 
complex may suppress backside attack and 
the rebound mechanism. These are salient 
explanations for the differences in the F- + 
CH,Cl and F + CH3I reaction dynamics, but 
further studies will be needed for a complete 
understanding of the origins of their differ- 
ent dynamics. 

These recent studies and previous work 
illustrate the incompleteness of the tra- 
ditional S.2 reaction model, in which the 
dynamics are mediated by complex forma- 
tion. The traditional mechanism does play 
a role, particularly at low collision energies, 
but other reaction mechanisms such as the 
indirect roundabout and the direct rebound 
and stripping (see the figure) are often more 
important. The very different dynamics for 
the F + CH,Cl and F + CH,]I reactions show 
how subtle features, such as the dipole of 
the molecular reactant and the depth of the 
frontside potential energy well, may have 
pronounced effects on S,2 reaction dynam- 
ics. Additional work needs to be done to 
probe the generality of the double-inversion 
mechanism found for F- + CH,Cl. Solvation 
adds further complications: The OH-(H,O) 
+ CH,I reaction has 28 different indirect 
mechanisms (6). Much work remains to be 
done to establish theoretical models that 
capture all the atomistic details of the dy- 
namics of S,2 reactions. 
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CLIMATE 


How Antarctica got tts ice 


A complex set of interactions caused the rapid growth of 
the Antarctic ice sheet 34 million years ago 


By Caroline H. Lear’ and Dan J. Lunt? 


ce sheets such as those on Greenland 

and Antarctica today not only respond 

to changing climate but can also cause 

climate to change. Their sizes have 

fluctuated substantially in the past. In 

particular, Antarctica was effectively 
ice-free until its ice cover began to expand 
rapidly at the Eocene-Oligocene boundary 
around 34 million years ago (see the fig- 
ure). Recent research, including a report 
by Galeotti et al. on page 76 of this issue 
(1), helps to identify the mechanisms that 
led to this rapid ice sheet growth. 

The extent of Antarctica’s sea ice and 
ice sheet was long thought to be driven by 
tectonic forces. According to Kennett’s 
influential “gateway hypothesis,” the 
widening and deepening of Drake 
Passage that led to the devel- 
opment of the Antarctic Cir- 
cumpolar Current caused 
Antarctica to become 
thermally isolated, pro- 
moting ice sheet growth 
(2). However, this hy- 
pothesis has been out 
of favor since DeConto 
and Pollard’s pioneer- 
ing modeling work 
(3) instead implicated 
a fall in atmospheric 
carbon dioxide as the 
main driver, with the 
resulting growth of the 
Antarctic ice sheet ac- 
celerated by positive ice 
sheet-climate feedbacks. 
Observational evidence has 
been mounting for such a 
drop in atmospheric CO, at the 
Eocene-Oligocene boundary (4, 
5). But Kennett’s gateway hypothesis 
may yet prove to have been correct after 
all, albeit via more complex mechanisms 
than the one he originally imagined. 

What caused the drop in CO, at the Eo- 
cene-Oligocene transition? Recently, there 
have been some tantalizing indications 
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that tectonically driven gateway changes 
may have caused the CO, changes. In early 
work, Zachos et al. (6) found evidence for 
an increase in ocean productivity at the 
Eocene-Oligocene boundary, attributed to 
changes in ocean circulation and upwell- 
ing associated with the opening of the Tas- 
man Seaway (7). Based on increased silicic 
acid use by diatoms in the Late Eocene, 
Egan et al. (8) have suggested that deep- 
ening and/or widening of the Southern 
Ocean gateways increased the strength of 
the Antarctic circumpolar current and led 
to increased upwelling south of the polar 


A green Antarctica. At the time of the Eocene- 
Oligocene boundary, about 34 million years ago, the 
Antarctic ice sheet was still small but about to expand. 
The paleogeography in the image is based on the 
reconstructions in (15). Vegetation and cloud cover are 
based on (11), the Antarctic ice caps are based on (3), 
and the phytoplankton blooms indicating increased 
productivity are based on the ideas in (6, 7). 
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front. The resulting increase in surface- 
water nutrient concentration could have 
led to diatom proliferation, more organic 
carbon burial, and hence CO, drawdown. 

A recent modeling study (9) has also in- 
dicated that gateway changes could be im- 
portant for the global carbon cycle. Using 
an Earth system climate model, Fyke et al. 
showed that the opening of Drake Passage 
can lead to an increase in Atlantic overturn- 
ing circulation and a decrease in Pacific 
overturning circulation. As a result, the char- 
acteristic residence times in the two basins 
change, such that the Atlantic reservoir of 
dissolved inorganic carbon becomes smaller 
and that of the Pacific grows. The net effect is 
a global increase in the ocean carbon reser- 
voir, and hence an increase in CO, drawdown 
from the atmosphere. 

Galeotti et al. now present sedimentolog- 
ical evidence from Antarctica that calls for 
a reinterpretation of the ice sheet history 
across the Eocene-Oligocene transition. 
Geochemical proxy records previously 
suggested that the early ice sheet was 
large and transient, perhaps reflecting an 
“overshoot” of the climate system in re- 
sponse to a rapid forcing (10). The 
ice sheet was thought to have 
retreated after this “Early Oli- 
gocene Glacial Maximum,” as 

climate feedback processes 
resulted in a new steady 
state with a smaller ice 
sheet (J0). Instead, Ga- 
leotti et al. suggest that 

the early ice sheet did 

not reach the coast at 

the Ross Sea. Rather 
than retreating, it sub- 


sequently advanced, 
reaching the Ross Sea 
continental margin 


32.8 million years ago. 
Galeotti et al. propose 
that the initial, smaller 

ice sheet was able to re- 
spond dynamically to local 
variations in insolation on 
the comparatively short time 
scales of orbital precession and 
obliquity changes (tens of thou- 
sands of years). Once it reached the 
continental margin, it became relatively 
insensitive to local insolation forcing, in- 
stead fluctuating in size on the longer 
eccentricity time scale (hundreds of thou- 
sands of years), in conjunction with other 
components of the global climate system. 
Climate itself is influenced by changes in 
ice sheets, both directly through changing 
albedo and surface height, which lead to 
local cooling and atmospheric circulation 
changes, and indirectly through changes 
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to the carbon cycle. Several recent model 
studies have explored the response of the 
climate system to an expansion of the Ant- 
arctic ice sheet (JI-13). All models agree 
that an ice sheet causes substantial local 
cooling caused by the higher altitude and 
more reflective surface. However, beyond 
Antarctica, the models provide different 
predictions for which regions of the South- 
ern Ocean warm or cool due to the ice 
sheet. It therefore remains unclear whether 
growth and retreat of the Antarctic ice 
sheet is dominated by positive or negative 
feedbacks associated with ocean tempera- 
tures at its marine margin. 

However, very recent work indicates that 
the sign of the feedback could depend on 
the configuration of the Drake Passage and 
Tasman Seaway. Kennedy et al. (11) mod- 
eled the response of the climate system un- 
der two different gateway configurations. 
Before 34 million years ago, the expansion 
of the Antarctic ice sheet led to a strong 


“To understand climate- 
ice sheet interactions on 
geological time scales, we 
must consider the entire 
coupled climate, ice sheet, 
and carbon cycle system...” 


warming (and therefore a potential nega- 
tive feedback on ice growth) in the Pacific 
and central Indian sectors of the Southern 
Ocean. After 34 million years ago, it led to 
a cooling in large parts of these regions 
(and thus a potential positive feedback on 
ice growth). Thus, the timing of glaciation 
could be determined, in part, by paleogeo- 
graphic and gateway changes. 

Ice sheets likely affect the global carbon 
cycle through numerous processes operat- 
ing on different time scales. These effects 
include changes to ocean productivity and 
carbon burial, deep-water formation and 
carbon storage, continental weathering and 
CO, drawdown, sea-level change and car- 
bonate deposition, and permafrost area and 
terrestrial carbon storage. Galeotti et al. em- 
phasize the difference between the dynamic 
behavior of the initial, smaller Antarctic ice 
sheet and the increased stability of the sub- 
sequent larger ice sheet. Meanwhile, Middle 
Miocene geochemical records suggest that 
different regions of the Antarctic may have 
different sensitivities to pCO, (14). 

The work by Galeotti et al. is consistent 
with the notion that the Antarctic ice sheet 
formed when a key carbon dioxide thresh- 
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old was passed near the Eocene-Oligocene 
boundary. The authors conclude that CO, 
concentrations also control the sensitivity 
of the ice sheet to orbital forcing. However, 
the results of this study and that of Gree- 
nop et al. (14) raise questions about how 
the ice sheet itself affects the carbon cycle. 
For example, to what extent do the size and 
stability of the Antarctic ice sheet affect 
CO, variability on orbital time scales? 

To understand climate-ice sheet interac- 
tions on geological time scales, we must con- 
sider the entire coupled climate, ice sheet, 
and carbon cycle system, including both 
tectonic and orbital forcings. Important ad- 
vances toward this goal have already been 
made by both observational and modeling 
communities. However, on its own, each ap- 
proach has its limitations. State-of-the-art 
Earth system models that include the nec- 
essary climate-carbon-ice sheet processes 
are often designed to be run for hundreds, 
not millions, of years; thus, modeling stud- 
ies must use approximations that need to be 
considered when interpreting their results. 
Observational studies are often carried out at 
single locations and focus on measuring one 
part of the system. It can be challenging to 
correctly interpret these records in a global 
and system-wide perspective. However, com- 
bining insight from both modeling and data 
together allows the strengths of the two ap- 
proaches to be maximized—the veracity of 
the data with the system-wide interpretation 
from the modeling. Only an integrated model 
and data approach will allow the complex 
web of interconnected processes associated 
with Antarctic ice sheet growth and decay to 
be untangled. 
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DEVELOPMENT 


Nursing 
the oocyte 


Mammalian egg cells 
receive material from 
neighboring “nurse” cells 
via bridges and gaps 


By Melissa E. Pepling 


he generation of a mature egg, or 

oocyte, is essential for fertility. The 

oocyte requires the production of 

considerable quantities of messenger 

RNA (mRNA), protein, and organelles 

during its formation, a store needed 
for the subsequent development of the fertil- 
ized egg. In some species, these components 
are provided by neighboring cells called 
nurse cells (7). The role of nurse cells during 
oocyte development has been well studied in 
the fruit fly, Drosophila melanogaster, but it 
has been unclear if mammalian species also 
have nurse cells. On page 95 of this issue, 
Lei and Spradling (2) provide evidence for 
nurse cells during mouse oogenesis, adding 
to our understanding of mammalian oocyte 
development and raising hope for new in- 
fertility treatments. 

The Drosophila oocyte forms from a germ- 
line stem cell that divides to form a daugh- 
ter germline stem cell and a cyst-forming 
cell called a cystoblast (J). The cystoblast 
undergoes exactly four rounds of mitosis 
without cytokinesis, the physical process of 
cells dividing from one another, to form an 
interconnected cyst of 16 cells. One cell be- 
comes the oocyte while the other 15 serve 
as nurse cells, supporting the oocyte by sup- 
plying the needed mRNAs, proteins, and 
organelles, transporting them across inter- 
cellular bridges called ring canals. These 
materials move along microtubules that span 
the bridges, presumably driven by micro- 
tubule motors (3). The nurse cells eventually 
undergo programmed cell death. In other 
species such as the worm Caenorhabditis 
elegans, cytoplasmic contents are shared be- 
tween germ cells and only some survive (4), 
but whether some germ cells serve as nurse 
cells in mammals was unknown. 

Mammalian oocytes also develop in clus- 
ters called germ cell cysts and possess many of 
the same characteristics as Drosophila germ- 
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line cysts, such as intercellular 
bridge connections and syn- 
chrony of their cell divisions 
(5). Mouse oocytes originate 
as primordial germ cells that 
migrate from their initial posi- 
tion in the embryo to arrive at 
the developing ovary at about 
10.5 days after fertilization [re- 
ferred to as days postcoitum 
(dpc)] (6). They then undergo 
several rounds of mitosis with- 
out cytokinesis to form cysts. 
At ~13.5 dpc, the germ cells be- 
gin to enter meiosis and sub- 
sequently form oocytes. Some 
of the oocytes in each cyst sur- 
vive and become enclosed in 
primordial follicles, whereas 
the remaining cells undergo 
programmed cell death (7). 
The possibility has been raised 
that the dying germ cells 
serve a supportive role for the 
surviving oocytes, as in Dro- 
sophila. Mitochondria have 
been found in the intercellular 
bridges by electron micros- 
copy, suggesting that organ- 
elles are transported between 
cells of the cyst. However, our 
understanding has been lim- 
ited because mouse cysts are 
tightly packed together and 
difficult to distinguish. 

Here, Lei and Spradling first 
used lineage tracing, a tech- 
nique they had previously ap- 
plied to the analysis of mouse 
germ cell cysts (8), to investi- 
gate how the mouse germ cells 
are physically connected to one another. In 
Drosophila, the connections are such that 
the cell that will become the oocyte has four 
ring canals. Lineage tracing in conjunction 
with labeling for the mammalian intercel- 
lular bridge component TEX14 revealed that 
a small number of germ cells in cysts made 
three or four bridges with neighboring cells 
and were selectively preserved during devel- 
opment, suggesting that they would become 
the surviving oocytes. 

Next, the authors looked for evidence of 
organelle transport using markers for centro- 
somes, Golgi, and mitochondria. In Drosoph- 
ila, organelles are transported into the oocyte 
and accumulate in a region known as the 
Balbiani body (3). Mouse oocytes also have 
a Balbiani body (9), but in the mouse it was 
unknown how the Balbiani body formed. Lei 
and Spradling observed centrosomes, Golgi 
material, and mitochondria accumulating in 
a subset of oocytes during mouse perinatal 


Germ cell 


materials trave 
formed Balbian 


Nurse cells 


Golgi 
Ring canal 
/* Microtubules 
Mitochondria 


14.5 days postcoitum (dpc) 
Cells are of similar size 

and are connected by bridges. 
One centrosome is present 
with an associated small 
cluster of Golgi material 

and mitochondria are 
randomly distributed. 


17.5 dpe 

More centrosomes, Golgi 
material, and mitochondria 
accumulate in the putative 
oocyte and begin to 
localize as a Balbiani body. 
Intercellular bridges are 
displaced and large gaps 
appear in the membrane. 


4 days after bith 

The surviving oocyte(s) 
exhibit a fully formed Balbiani 
body with a circular Golgi 
and associated centrosome 
surrounded by mitochondria. 


Instead, Lei and Spradling 
observed gaps in the mem- 
branes of the cyst cells. This 
suggests that although some 
transport occurs through the 
mammalian bridges, the gaps 
allow the transfer of large 
amounts of additional mat- 
erial from the supporting 
cells to the oocyte in the cysts. 

To find out if microtubules 
and microtubule motors are 
important for transporting 
organelles into oocytes and 
whether this is necessary for 
oocyte development, Lei and 
Spradling used inhibitors in 
ovary organ culture to block 
microtubule polymerization 
or dynein microtubule motor 
activity. In either case, they 
found a reduction in organ- 
elle enrichment and Balbiani 
body formation. They also 


Building an egg, mouse-style. (Top) A germ cell cyst that will give rise to a few oocytes 

and several nurse cells. Each oocyte is thought to be associated with about four nurse cells. 
(Middle) Organelles are initially transported along microtubules, but as bridges are displaced, 
through large gaps in the plasma membrane. (Bottom) An oocyte with a fully 


i body and a nurse cell undergoing programmed cell death. 


biani body-containing oocytes appear larger 
and do not express a cell death marker, fur- 
ther supporting the idea that these cells will 
become the mature oocytes. The oocytes 
without Balbiani bodies look smaller, lose 
most of their cytoplasm, and appear to be un- 
dergoing apoptosis analogous to Drosophila 
nurse cells. 

The functional significance of germ cell de- 
velopment in the mouse cysts was unknown 
and might have been little more than an 
evolutionary remnant of that seen in organ- 
isms like Drosophila. In fact, female Tex14 
mutants are fertile and have normal oocyte 
development, calling into question the im- 
portance of germ cell cysts (10). However, Lei 
and Spradling now show that TEX14 is not 
expressed in the intercellular bridges when 
they first appear and thus is not required for 
their formation. 

In Drosophila, the ring canals grow in size 
as cytoplasm is transferred. No such growth 


oocyte development (see the figure). The Bal- 
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in the mouse bridges has been observed. 
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found that the normal germ 
cell loss that occurs during 
primordial follicle formation 
was reduced. The additional 
surviving cells are presum- 
ably the nurse-like cells of the 
cyst. It would be interesting 
to determine if the extra sur- 
viving germ cells can become 
functional oocytes. 

Many questions remain 
regarding early oocyte devel- 
opment in mammals. In par- 
ticular, it is unclear whether 
specific maternal mRNAs 
are provided by the support- 
ing germ cells to the future 
oocytes and if they are localized to the Balbi- 
ani body as in other species. Also unclear are 
the mechanisms used to localize molecules to 
the surviving oocytes. In addition, develop- 
ment of tools for the live imaging of organ- 
elle transport would shed light on transport 
dynamics. A more complete understanding 
of early oocyte development is essential for 
developing treatments of infertility and other 
reproductive disorders. ® 
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ASTRONOMY 


An odd one out 


An oxygen-rich white dwarf 
sets an important mark for 
stellar evolution 


By Boris Gansicke 


ost stars in the universe are in the 

process of burning hydrogen into 

helium via nuclear fusion deep 

inside their cores, which powers 

their luminosity and provides the 

thermal pressure that stops them 
from collapsing under their own weight. 
Stars end their lives once the nuclear fuel 
runs out, at which point they will either ex- 
plode in a supernova, or, much 
more commonly, shed most of 
their mass and leave behind a 
white dwarf. On page 67 of this 
issue, Kepler et al. (1) announce 
the identification of a white 
dwarf called SDSSJ1240+6710 
that has an almost pure oxygen 
atmosphere, diluted only by 
traces of neon, magnesium, and 
silicon. This white dwarf chal- 
lenges the textbook wisdom of 
single stellar evolution and may 
provide a link to some of the 
types of supernovae discovered 
over the past decade. 

White dwarfs are roughly 
Earth-sized, but still have ~0.4 
to 1.2 times the mass of the 
Sun. The resulting strong sur- 
face gravity leads to a chemical 
stratification (2). The heaviest el- 
ements concentrated in the core 
of a white dwarf are typically 
carbon and oxygen, produced 
by helium burning, whereas the 
outermost layers are made up 
of helium and hydrogen. The chemical com- 
position derived by Kepler e¢ al. is extremely 
unusual and requires that the outer layers of 
the stellar core containing hydrogen, helium, 
and carbon were forcefully removed during 
the formation of the white dwarf. A mixture 
of oxygen, neon, and magnesium is thought 
to be produced in a small number of stars 
through the nuclear burning of carbon; how- 
ever, the white dwarfs formed through this 
process should be fairly massive (3), whereas 
Kepler et al. find that SDSSJ1240+6710 has 
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just the average mass for a white dwarf. Most 
striking, perhaps, is the detection of silicon, 
which indicates that nuclear burning could 
have proceeded to the stage where oxygen 
is consumed as well, in which case classical 
evolution models predict the collapse into a 
neutron star (see the figure). 

Although there is currently no published 
model that predicts the existence of white 
dwarfs similar to SDSSJ1240+6710, its ob- 
servational properties suggest that its origin 
is the partial nuclear burning of heavier ele- 
ments either in a binary system or a single 
star near the mass boundary that leads to the 
collapse into neutron stars (e.g., 4, 5). The 
search for optical transients by many differ- 
ent groups has led to a rapid growth in the 
variety of thermonuclear supernovae, and 
some of the new subclasses may leave be- 
hind bound remnants with exotic chemical 
compositions (6). Unambiguously identifying 
and characterizing such remnants would be a 


major step toward a more complete under- 
standing of these stellar explosions. 

Besides the implications for the theories 
of stellar evolution, the discovery made by 
Kepler et al. also demonstrates the power of 
combining technological advances with hu- 
man ingenuity. The authors made use of the 
data that the Sloan Digital Sky Survey (SDSS) 
(7) collected over the past 15 years. Although 
SDSS was never designed to find exotic white 
dwarfs, the sheer number of available fibers 
in its state-of-the-art multi-object spectro- 
graphs allowed the gathering of vast amounts 
of serendipitous observations. The identifica- 
tion of SDSSJ1240+6710 involved something 
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that is common to many important discov- 
eries in astronomy: analyzing the data with 
an open mind, neither driven by a particular 
agenda nor searching for the answer to a par- 
ticular question. Simple scientific curiosity 
and attention to detail led them to spot the 
subtle difference between the spectrum of 
this white dwarf and the 32,000 or so others 
that they inspected. 

Following up SDSSJ1240+6710 with high- 
quality spectroscopy in the optical and ul- 
traviolet will provide measurements of the 
abundances of other nuclear burning prod- 
ucts, such as sulfur or phosphorus, which 
will allow us to constrain the nuclear burn- 
ing processes that its progenitor underwent. 
SDSS has only wedged open the door into 
massive spectroscopic surveys. Several next- 
generation instruments, such as WEAVE (the 
wide-field multi-object spectrograph for the 
William Herschel Telescope), 4MOST (the 
4-m Multi-Object Spectroscopic Telescope), 


White dwarf 


Chemical composition 
of white dwarf with 
oxygen atmosphere 


OOo 


Chemical composition of typical white dwarf 


A space oddity. White dwarfs are the Earth-sized burnt out cores of stars like the Sun and lock up the ashes of nuclear fusion. In most 
cases, a very thin layer of hydrogen (gray line) on the surface prevents the spectroscopic measurement of the chemical composition 
of the end products produced by fusion. Using spectroscopy from the SDSS, Kepler et al. (1) discovered a white dwarf with an 
atmosphere dominated by oxygen with small traces of neon, magnesium, and silicon. This chemical composition is unique among 
~32,000 known white dwarfs and must arise from an extremely rare process of stellar evolution. 


and DESI (Dark Energy Spectroscopic Instru- 
ment), are gearing up to take data for tens 
of millions of galaxies and stars. What other 
needles will be found in those haystacks? 
Stay open-minded. 
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SOCIAL SCIENCE AND SUSTAINABILITY 


Engage key social concepts for sustainability 


Social indicators, both mature and emerging, are underused 


By Christina C. Hicks,'-** Arielle Levine,* 
Arun Agrawal,* Xavier Basurto,° Sara J. 
Breslow,’ Courtney Carothers,® Susan 
Charnley,° Sarah Coulthard,’ Nives 
Dolsak," Jamie Donatuto,” Carlos 
Garcia-Quijano," Michael B. Mascia,* 
Karma Norman,’ Melissa R. Poe,”” Terre 
Satterfield,’® Kevin St. Martin,” Phillip S. 
Levin’ 


ith humans altering climate pro- 
cesses, biogeochemical cycles, and 
ecosystem functions (J), govern- 
ments and societies confront the 
challenge of shaping a sustain- 
able future for people and nature. 
Policies and practices to address these chal- 
lenges must draw on social sciences, along 
with natural sciences and engineering (2). 
Although various social science approaches 
can enable and assess progress toward sus- 
tainability, debate about such 
concrete engagement is outpac- 
ing actual use. To catalyze up- 
take, we identify seven key social concepts 
that are largely absent from many efforts to 
pursue sustainability goals. We present exist- 
ing and emerging well-tested indicators and 
propose priority areas for conceptual and 
methodological development. 
Indicators represent a particularly power- 
ful tool. They are scalable across geographic 
areas and, when designed well, reduce com- 
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plex phenomena to simple measures (3). 
Social indicators can be used to ensure 
accountability or track progress toward 
normative goals, for example, increasing 
well-being (3, 4). Further, they can evaluate 
local conditions to direct decision-making 
for more desirable futures, for example, by 
identifying if local values are conducive to 
collective management approaches. Indica- 
tors can thus describe what exists, and in 
doing so, they define what is important. 
Conversely, that which is not measured can 
disappear from public debate and political 
consciousness (3). Bias toward easily quan- 
tifiable concepts, coupled with the tendency 
for indicators to direct change, can hinder 
progress, particularly where biases ignore 
key determinants of human equity and ac- 
tion (5). Consequently, suitable indicators 
are required for key social phenomena fun- 
damental to a sustainable future. 


PROMISING SOCIAL INDICATORS. Hu- 
man well-being is dependent on healthy 
ecosystems, yet short-term pursuit of well- 
being may negatively affect those same eco- 
systems (6). Tracking only economic growth 
has been detrimental to social and environ- 
mental progress (4), which demonstrates 
the need for broader understanding and as- 
sessment of human well-being. The recent 
surge of interest in measuring well-being 
from local to national scales has tended 
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toward consensus around what to measure 
and how (4, 7). Human well-being remains 
variously defined but can be thought of 
as a state of being with others, where hu- 
man needs are met, when individuals can 
act meaningfully to pursue self-defined 
goals, and when they can enjoy a satisfac- 
tory quality of life (4, 8). Well-being is thus 
multidimensional (i.e., more than gross do- 
mestic product or happiness) and consists 
of both objective and subjective elements 
(i.e., it reflects what people have or have 
achieved and how they feel about this). 
Although well-being manifests differently 
across contexts, three components appear 
universal: material well-being, quality of 
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life, and relational well-being (7). These es- 
tablished, multidimensional elements have 
well-tested indicators (see the table). 

Material well-being, quality of life, and 
relational well-being can in part be under- 
stood from people’s values. Values reflect 
the importance something holds for us and, 
in doing so, guide human thinking, feeling, 
and behavior to frame the pursuit of well- 
being. Social psychologists in particular 
have developed systematic approaches to 
assess values. Values in this sense are trans- 
situational goals that vary in importance 
and serve as guiding principles in people’s 
lives, such as conformity or compassion (8). 
Broad agreement has emerged that a lim- 
ited number of values exist, that they relate 
to each other in a consistent manner, and 
that specific values are similar to one an- 
other, whereas others conflict. Analogous to 
the agreed upon constituents of well-being, 
all identified values are considered present, 
in varying degrees of importance, in all hu- 
man societies (8). Academics and interna- 
tional agencies have measured a common 
set of values, across nearly 100 countries, 
that represent more than 85% of the world’s 
population (8) (see the table). 

The success of sustainability polices will be 
influenced by agency: the ability to act (and 
achieve) on the basis of what one values and 
has reason to value (9). People often strive to 
adapt to their social systems (e.g., laws and 
policies) and their natural environments (e.g., 
resource availability) as they pursue greater 
well-being for themselves and their families. 
Where people have agency, they may reject 
policies that impinge on their values or their 
ability to improve well-being. Where people 
lack agency, they may be unable to take ad- 
vantage of the potential for desirable change 
or may be coerced into undesirable situa- 
tions. Trajectories to desirable futures can 
falter because people have, or lack, agency, 
even when values have been used to inform 
policy. Measures for agency are less devel- 
oped than those for human well-being or 
values, but progress has been made (10). Indi- 
cators often measure assets (e.g., education); 
control over specific domains (e.g., household 
decision-making); or global proxies (e.g., the 
“ladder of power”) (10) (see the table). There 
is mounting evidence that multidimensional 
process-based measures of agency are neces- 
sary to account for people’s (i) direct control 
or effective power; (ii) ability to pursue and 
achieve goals; (iii) capacity to direct their 
pursuits toward what they value or have rea- 
son to value; and (iv), ability to improve their 
own, or others’, well-being (0). 

Inequality—the unequal distribution 
of costs, benefits, power, and access to re- 
sources—exacerbates both socialand en- 
vironmental conditions; it undermines 
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Social measures for 
sustainability 


Promising indicators for measuring 
well-being, values, agency, and inequality 


WELL-BEING 
1. OECD's “how's life” framework (7). Quality 
life: Eight elements (e.g., health status, 
ubjective well-being). Material conditions: 
hree elements (e.g., income): Sustainability 
well-being over time: Four capitals (e.g., 
uman, economic, social, and natural). 


o 
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2. Millennium Ecosystem Assessment 2003 from 
“voices of the poor” (7). Material well-being 
(e.g., enough food); bodily well-being (e.g., 
health); security (e.g., civil peace); freedom of 
choice and action; social well-being (including 
psychological well-being, self-respect and 
dignity, peace, harmony, and good relations). 


3. Ten universal capabilities [e.g., Nussbaum 2001 
(7)]. Life; bodily health; bodily integrity; senses, 
imagination, and thought; emotions; practical 
reason; affiliation; other species; play; control over 
one's environment (e.g., political and material). 


VALUES 
1. Human values [e.g., Schwartz et a/., 2012 in (8)]. 
Two dimensions capturing self-enhancement 
to self-transcendence and openness-to-change 

to traditionalism that contain 10 value types. 


2. World values survey [e.g., Inglehart and 
Welzel 2005 in (8)]. Two dimensions 
capturing traditionalism to secularism 
and survival to self-expression. 


3. Cultural dimensions theory [e.g., Hofstede 2001 
in (8)]. Six dimensions capturing individualism 
to collectivism; uncertainty avoidance; social 
hierarchy; masculinity to femininity; long-term 
orientation; indulgence to self-restraint. 


AGENCY 

1. Moving out of poverty’s “ladder of power” 
[Narayan and Petesch 2007 in (10)]. Assesses 
one's power up a hypothetical ladder. 


2. Agency and empowerment [Alsop and Heinsohn 
2005 in (10)]. Reflects asset endowments (e.¢., 
psychological, informational, organizational, 
material, social, financial, and human). 


3. Demographic and health survey [Orc-Macro 
2006 in (10)]. Determines control over six 
domains (own earnings, partners earnings, 
own health care, major household purchases, 
daily household purchases, visits to family). 


INEQUALITY 

1. Gini index [e.g., (11)]. Measures the 
extent to which the distribution of income 
deviates from perfectly equal. 


2. Social mobility indices [e.g., (11)]. Measures 
the movement of individuals, families, 
households, across a social layer (e.g., 
changes in income levels, education levels). 


3. Fractionalization indices: Measures the social 
heterogeneity and conflict in a group. 
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sustainability (77). Inequalities shape who has 
agency and who lacks it (77). Consequently, 
reduction of inequality is a central theme in 
the United Nation’s Sustainable Development 
Goals. Indicators of inequality have not been 
specified, but, analytical lenses have been de- 
veloped (see the table). 


CONCEPTUAL AND METHODOLOGICAL 
NEEDS. Power, the ability to influence or con- 
trol the beliefs or actions of others, is created 
by, and recreates, many inequalities, which 
include the ability to exercise agency (12, 73). 
Power at different scales can be exerted over 
others, through various means (e.g., knowl- 
edge or policies), or to achieve certain ends. 
Understanding and monitoring power that 
is exerted in both overt ways (e.g., state con- 
trol) and diffuse ways (e.g., hegemonic ideas) 
is central to crafting a sustainable future. 
Work is needed to determine how elements 
of power, in the context of sustainability, can 
be measured and monitored through time. 
These efforts may draw from progress in 
related fields; for example, the Herfindahl- 
Hirschman index measures the extent to 
which market shares are concentrated within 
a few companies and could be adapted to 
measure the extent to which influence is con- 
centrated within a few individuals, organiza- 
tions, or states. Social network analyses can 
be used to measure the influence of a group, 
organization, or idea. 

Existing measures of values may provide 
broad context for well-being but may lack the 
depth and breadth that an understanding 
of culture enables. Culture is a multifaceted 
concept that includes the shared language, 
knowledge, meanings, values, beliefs, norms, 
customs, and practices that are transmit- 
ted through social learning (/4). Culture 
is expressed through social, political, and 
economic systems, as well as through sym- 
bols, artifacts, and landscapes, such as the 
British badger or suburban American lawn, 
that serve to reinforce beliefs or norms of 
behavior. Comprehensive indicators of cul- 
ture are yet to be developed, but indicators 
exist for elements of culture, such as place at- 
tachment. A comparative cultural database, 
based on in-depth ethnographic work, exists 
for nearly 300 cultures, and it could inform a 
measurement-based indicator system (ehraf- 
worldcultures.yale.edu). 

Although inequality may persist, the extent 
to which this represents an injustice deter- 
mines when conflict may arise and action is 
necessary. Thus, progress toward sustainabil- 
ity goals must be evaluated through the lens 
of justice, a normative principle centered on 
how people should be treated (/5). Existing 
indicators assess distributional and proce- 
dural justice in workplaces, or environmental 
injustice in federal jurisdictions; however, 
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adequately addressing justice will require 
additional assessments of what is considered 
“fair,” to and by whom, and programmatic 
steps regarding how justice can be achieved 
and maintained (J5). 

Progress has been made toward develop- 
ment of some indicators, and in many in- 
stances, relevant data and expertise exist 
within national and international, official 
and unofficial statistics bureaus (e.g., na- 
tional censuses, representative surveys, and 
polling reports). Further work is needed to 
understand and communicate desirable di- 
rections of change. Reasonable consensus 
exists that it is desirable to increase well- 
being and agency and to reduce inequal- 
ity, injustice, and imbalances of power. In 
contrast, although extreme values are det- 
rimental to sustainability goals, there is no 
desirable direction of change for values or 
culture. Instead, these concepts facilitate 
understandings of how sustainability goals 
manifest and how policies can be crafted. 
Although critical gaps remain with con- 
cepts in need of indicator development, 
quantitative indicators are alone insuf- 
ficient for understanding these concepts. 
Complementary, qualitative, and reflexive 
assessments will remain critical for devel- 
opment, implementation, and interpreta- 
tion of robust measurement systems. 
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Colloidal crystal ordering 
in a liquid crystal 


A nematic phase promotes the formation of 
dilute, low-symmetry colloidal crystals 


By Christophe Blanc 


anoparticles (NPs) can now be syn- 

thesized with a wide array of con- 

trolled sizes, shapes, and properties. 

However, turning them into nanoma- 

terials often requires packing them 

into ordered assemblies to manifest 
specific electronic or optical properties 
for applications in nanoelectronics, optics, 
and metamaterials. Colloidal self-assembly 
(1) of NPs is relatively simple but is often 
restricted to high-symmetry crystals by 
the lack of specific directional bonds, es- 
pecially for dilute NP solutions. To obtain 
lower symmetries that confer useful optical 
or electronic properties, long-range direc- 
tional interactions must be imparted. On 
page 69 of this issue, Mundoor et al. (2) 
make clever use of an anisotropic host fluid, 
a liquid crystal, to promote the formation of 
a low-symmetry crystal in a dilute disper- 
sion of nanorods. 

In simple fluids, the absence of direc- 
tional interactions between dispersed par- 
ticles tends to favor the formation of only 
a few types of crystals. For example, con- 
centration of hard spherical colloids mainly 
produces high-symmetry face-centered cu- 
bic or hexagonal close-packed lattices. Prog- 
ress in colloidal engineering has partially 
lifted this limitation with the introduction 
of colloidal particles that can organize via 
directional interactions because of the spe- 
cific control of their shape or of their sur- 
face patterns (3). Such “shape-anisotropic” 
or patchy colloids can promote prepro- 
grammed structures when they are in close 
contact, but their interactions in dilute dis- 
persions remain mostly isotropic. 

Mundoor et al. show that the situation 
can be very different in a liquid crystalline 
matrix when the proper combination of in- 
teractions is present. They studied the dis- 
persion and self-assembly of semiconductor 
nanorods in an aligned nematic liquid 
crystal. In thermotropic nematic phases, 
rodlike molecules develop a long-range ori- 
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entational order caused by the spontaneous 
molecular alignment. The alignment ccurs 
only over a given temperature range, and 
is a time average as the molecules can still 
move and fluctuate. Uniformly aligned do- 
mains are easily obtained at large scale in 
thin films formed over suitable substrates. 
The spontaneous formation of colloidal 
crystals of the triclinic pinacoidal symmetry 
class (almost the lowest symmetry possible) 
was observed at very low concentrations 
(<<1%). In crystals of this class, none of the 
unit cell edges are equal, and none of the 
angles between the edges are equal, nor are 
they right angles. Repulsive electrostatic in- 
teractions between the NPs compete with 
attractive interactions mediated by the ori- 
entational elasticity of the liquid crystal (see 
the figure). The NPs have positive surface 
charges, and although they are elongated 
rods, the electrostatic interaction is effec- 
tively isotropic at large distances. However, 
each particle also gives rise to an elastic 


“The mesophase nature 
of the host is essential to 
the formation of the low- 
symunetry crystal...” 


distortion of the matrix with a quadrupolar 
symmetry. This distortion creates the long- 
range and anisotropic elastic interactions 
between the NPs. The mesophase nature of 
the host is essential to the formation of the 
low-symmetry crystal because only the elec- 
trostatic repulsion remains if the liquid is 
heated into the isotropic phase, where the 
orientational ordering disappears. 

The control of the organization of solid 
inclusions by means of mesophases already 
has a long history. For example, spontane- 
ous alignment of nanorods by the nematic 
phase is well known and is caused by a re- 
storing torque created by a preferred ori- 
entation of the host fluid molecules at the 
surface of the particles (a phenomenon 
called anchoring). This phenomenon was 
discussed theoretically as early as the 1970s 
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A liquid-crystal assist. Schematic of the strategy developed by Mundoor et al. to design colloidal crystals with low symmetry. When charged nanorods are dispersed in a nematic 
liquid crystal, they spontaneously align along its orientation direction but also distort it locally. This results in strongly anisotropic elastic colloidal interactions (here sketched as a 


multilobed quadrupole). Provided that a sufficiently repulsive isotropic force between particles is also present, directiona 


(4), but experimental realization with NPs 
was Satisfactorily achieved only recently. 
This experimental realization has opened 
up the possibility of new switchable NP- 
based devices (5). Various positional order- 
ing mechanisms based on thermotropic 
liquid crystals have also been successfully 
achieved in the past few years. At the mo- 
lecular scale, particles have been directly 
combined with mesogens in hybrid archi- 
tectures (6), which offers many possibilities 
for molecular self-assembly. However, such 
an approach is limited to NPs only a few 
nanometers in size; larger NPs must be con- 
sidered as embedded in a continuous aniso- 
tropic medium. Templated structures could 
nonetheless still be formed in a host show- 
ing strong and periodic distortions. Cubic 
lattices of NPs have thus been recently ob- 
tained in a blue phase (7), a special meso- 
phase that spontaneously forms ordered 
three-dimensional defect structures. 
Mundoor et al. have exploited another 
phenomenon highlighted in 1997, when 
Poulin et al. (8) showed that controlled 
anchoring conditions on micrometer-sized 
inclusions combined with the host orien- 
tational elasticity not only generated local 
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distortions of the matrix and defects, but 
also gave rise to well-defined long-range 
anisotropic colloidal forces. Although the 
importance of such mechanisms for col- 
loidal self-assembly was rapidly recog- 
nized, most investigations focused on the 
formation of two-dimensional crystals of 
micrometer-sized colloids (9) in thin liq- 
uid-crystal cells. The elastic interactions 
predominated and were usually much 
greater than the thermal energy. Additional 
techniques, such as optical tweezing, were 
needed to direct the colloidal assembly into 
ordered structures with lattice constants 
comparable to the colloidal size. The same 
techniques were used to produce three-di- 
mensional colloidal crystals of a few units 
with tetragonal symmetry (J0), but such a 
directed approach was difficult to apply to 
NPs and poorly scalable. 

The main innovation of Mundoor e¢ al. 
is combining the elastic interaction with a 
well-defined electrostatic repulsion to en- 
able the easy, nondirected self-assembly 
of colloidal crystals for NPs dispersed in a 
nematic liquid crystal. The approach is gen- 
eral and can be applied to many other NPs, 
provided that surface anchorings and elec- 
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bonding develops that favors low-symmetry crystals. 


tric charges can be sufficiently controlled; 
hence, their work should enable various 
artificial colloidal crystals of low symmetry 
to be designed with NPs. Another charac- 
teristic of liquid crystals is their extreme 
sensitivity to weak external stimuli such as 
electric fields. Lattice parameters and crys- 
tal orientations should be easily tuned in a 
colloidal crystal formed in a liquid crystal. 
This aspect remains to be explored in depth 
in the system described here, but this also 
opens the possibility of a whole class of 
simple reconfigurable devices in which both 
the orientation and ordering of NPs could 
be easily controlled. 
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BEHAVIOR 


A brain conditioned for social defeat 


A brain circuit in vertebrates determines who wins or loses a fight 


By Laura Desban and Claire Wyart 


ggression is common in the animal 
kingdom, even though agonistic be- 
haviors can lead to chronic stress or 
pain. So how does aggression remain 
conserved evolutionarily? In 1859, 
Darwin argued in his book On the 
Origin of Species that the conservation of 
any behavioral trait is ultimately explained 
by its necessity for survival and reproduc- 
tion. To survive with limited resources, 
individuals express aggressive behaviors 
against competitors to pass on their genes. 
For social animals, dominance hierarchies 
establish rapidly (1), avoiding the cost of 
recurrent fighting within the group. Hier- 
archy formation and maintenance rely on 
the effect of prior experience (2). However, 
the underlying mechanisms and neural cir- 
cuitry remain elusive. On page 87 of issue, 
Chou et al. (3) identify a key role for the 
dorsal habenula (dHb) region of the brain 
in zebrafish to determine who wins and 
who loses in a fight. This region is highly 
conserved across vertebrates, raising the 
possibility of manipulating neuronal cir- 
cuits that govern innate social behaviors. 
The social status of an individual deter- 
mines the quality and the quantity of its op- 
portunities. Individuals usually keep their 
social rank over time by means of positive 
or negative reinforcement induced by prior 
experience, referred to as the winner effect 
or loser effect, respectively. During dyadic 
fighting, zebrafish males show agonistic be- 
havior with a stereotypic sequence (4): first 
display behaviors by erecting its fins along 
with body flaring, then circle and bite until 
dominance is established. The fight ends 
with the surrender of the losing fish, who 
exhibits fleeing behavior. By imaging cal- 
cium (as a readout for neuron activity) in 
acute brain slices obtained from fish imme- 
diately after fighting, Chou et al. observed 
differences between winners and losers 
at the level of the dorsal habenula-inter- 
peduncular nucleus (dHb-IPN) pathway 
(see the figure). In losers, neuronal activity 
originating from dHb onto the dorsal and 
intermediate IPN (d/iIPN) was reduced. 
The authors confirmed by in vivo electro- 
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dHbL-d/ilPN pathway 
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Habenular circuitry implicated in the outcome of fighting. (Top) 
Schematic showing a dorsal view of habenular connections onto the 

IPN in the zebrafish brain. The dHbL-d/ilIPN-DT pathway (blue) and the 
dHbM-vIPN-median raphe pathway (orange) are involved in fear behavior. 
(Bottom) Selective inactivation of (Hb-IPN pathways affects behavior. 
Silencing of the projection from dHbL onto d/iIPN triggers the fish to lose 
(left); silencing of the projection from dHbM onto vIPN triggers the fish to 
win (right). Naive fish are those who did not previously fight (middle). 


physiology (that is, by inserting electrodes 
to record local field potentials in the IPN) 
that dominance status is associated with 
activity levels in the dHb-IPN circuitry. 

In mammals, the habenula is a multi- 
task brain region that integrates aversive 
inputs processed by the limbic system 
and the basal ganglia and adapts motor 
responses accordingly (5). To find homol- 
ogous structures in zebrafish, Chou e¢ al. 
drew upon knowledge of connections in 
the mammalian brain. Recent studies us- 
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Winners 
Silencing of 
dHbM-vIPN pathway 


ing anterograde tracers in 
zebrafish had provided evi- 
dence for the conservation 
of habenular pathways (6) 
and associated functions 
(7). The dHb-IPN pathway 
of zebrafish corresponds to 
the medial Hb-IPN pathway 
of mammals and is similarly 
involved in fear responses 
(7, 8). Furthermore, the 
dIPN projects onto the dor- 
sal tegmental (DT) region 
corresponding to the mam- 
malian periaqueductal gray 
(PAG) (7). The PAG regulates 
fleeing behavior in mam- 
mals (9), providing further 
support for the idea that the 
zebrafish circuit contributes 
to loser-like behavior. 

Chou et al. used trans- 
genic zebrafish lines to 
target neurons of either 
the lateral or medial sub- 
nucleus of the dHb (dHbL 
and dHbM) and _ block 
their synaptic transmission 
to distinct regions of the 
IPN. Reduction of trans- 
mission in one pathway 
(dHbL-d/iIPN) increased 
the tendency to lose fights, 
whereas in the other path- 
way, dHbM-ventral IPN 
(vIPN), the tendency to lose 
was decreased. Selective 
manipulations of habenu- 
lar transmission to the IPN 
were therefore sufficient to 
determine the winner (and 
loser) without prior expe- 
rience—an effect that per- 
sisted over time and was 
reinforced during subsequent fights. These 
results suggest that the dHb-IPN pathway 
acts as a neural switch that conditions the 
outcome of social fighting, depending on 
differential transmission onto dorsal or 
ventral IPN subnuclei. This study, however, 
does not rule out the potential role of many 
other brain regions acting in concert with 
the habenula (10). 

Because the manipulation of synaptic 
transmission within the dHb-IPN pathway 
led to antagonistic outcomes during social 
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fighting, the habenula seemingly can induce 
differential motor responses. This is concor- 
dant with recent studies describing the ha- 
benula as a hub integrating multiple sensory 
cues (11) to produce an adapted motor re- 
sponse. How this signal is relayed at the mo- 
lecular and neuronal level is not yet known. 
Multiple modulatory neurotransmitters 
and peptides are associated with aggressive 
behavior (10, 12), but their diversity in the 
habenula and IPN is most likely underappre- 
ciated. The dissection of neuromodulatory 
systems using innovative genome-editing 
technologies may reveal the full circuitry 
governing social defeat in vertebrates. 

Zebrafish has emerged as a powerful sys- 
tem to study social interactions (13), and 
there are many social behaviors in this ani- 
mal to unravel (14). For example, the recent 
observation of social preference in juvenile 
zebrafish (15), at stages when whole-brain 
imaging is feasible, opens new paths of in- 
vestigation into the sensory cues and the 
genes and circuits mediating these early 
social interactions. It should be possible to 
find out why some individuals are reluctant 
to go toward others when the majority are 
attracted by conspecifics. 

Although zebrafish have a short genera- 
tion time and are easy to maintain in cap- 
tivity, the bottleneck often lies in the fine 
description and quantitative analysis of 
complex behaviors. The study of Chou et al. 
illustrates how the genetic manipulation of 
pathways governing innate behaviors in ze- 
brafish can inspire investigations in other 
model organisms by providing new work- 
ing hypotheses and brain regions to target. 
The next step will be to combine whole- 
brain imaging, optogenetic manipulations, 
and CRISPR-mediated genome editing to 
unravel the complete circuits underlying 
social behaviors in vertebrates. 
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RNA 


A IncRNA links genomic 
variation with celiac disease 


A long noncoding RNA is associated with an intestinal 


autoimmune disorder 


By Maite Huarte 


he majority of human single-nucleo- 
tide polymorphisms (SNPs) associ- 
ated with increased disease risk map 
to noncoding regions of the genome. 
The nucleotide variations therefore 
cannot be directly related to changes 
in the function of proteins. Indeed, SNPs 
frequently localize to DNA regulatory ele- 
ments such as enhancers or promoters, 
or within intergenic regions that are tran- 
scribed to produce long noncoding RNAs 
(ncRNAs). LncRNAs are RNA molecules 
longer than 200 nucleotides that do not 
encode proteins; in many instances, they 
regulate gene expression through diverse 
mechanisms. On page 91 of this issue, Cas- 
tellanos-Rubio et al. (J) report that a rela- 


ILI8RAP 


and mechanism of Inc13 is conserved be- 
tween mouse and human. 

The fine regulation of Inc13 expression is 
probably crucial for its proper function. It is 
transcribed from the same strand of DNA as 
ILI8RAP, and its 5’ end overlaps with the 3’ 
end of ILI8RAP (see the first figure). How- 
ever, despite this overlap, both genes have 
independent promoters and are indepen- 
dently regulated. ILI8RAP expression is in- 
duced in the intestinal epithelium of celiac 
patients and in lipopolysaccharide (LPS)- 
stimulated macrophages (a treatment that 
mimics the inflammatory response). How- 
ever, under these conditions, the expres- 
sion of Incl3 is diminished. Reduction in 
the amount of Inc13 is a posttranscriptional 
event dependent on the signaling path- 
way controlled by the transcription factor 


Human chromosome 2 


Location overlap. The genomic loci of /LI8RAP and Inc13 overlap in human chromosome 2. SNPs associated with 
celiac disease are indicated with blue stars. A red star shows the specific SNP, rs917997. 


tionship between the function of a ncRNA 
and the SNPs within its locus underlies ce- 
liac disease, an autoimmune disorder that 
causes intolerance to gluten. 

Genome-wide association studies revealed 
that six SNPs that are linked to increased 
risk of suffering from gluten intolerance 
form a haploblock (closely associated SNPs) 
located in chromosome 2 (2). One of the 
SNPs (rs917997) is positioned 1.5 kb down- 
stream of interleukin-18 receptor accessory 
protein (ILI8RAP), a gene that has been as- 
sociated with susceptibility to celiac disease 
and other autoimmune diseases (2-4). In the 
mouse genome, a previously annotated In- 
cRNA, /nc13, is transcribed in this position. 
Castellanos-Rubio et al. identified a IncRNA 
in the equivalent position of the human ge- 
nome and showed that both human and mu- 
rine Incl13 regulate the expression of genes of 
the inflammatory response. Despite limited 
DNA sequence conservation, the function 
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nuclear factor kappa B (NF-KB). Indeed, 
despite not being translated, Inc13 is highly 
stable in nonstimulated macrophages. By 
contrast, in LPS-activated macrophages, 
NF-«B induces the expression of Dcp2, a 
negative regulator of the stability of capped 
RNAs. Dep2 thereby keeps Inc13 amounts 
low (see the second figure). Thus, the co-in- 
herited ILI8RAP and Incl3 are transcribed 
from the same locus and take part in the 
same biological process. However, their 
regulation is independent, in part because 
of the posttranscriptional control of Inc13. 
The expression levels of Incl13 correlate 
negatively with the expression of several 
genes of the inflammatory response, some 
of which are up-regulated in celiac disease 
patients’ biopsies. In fact, Incl3 inhibits the 
expression of these genes in cells where the 
inflammatory response is inactive. Similar 
to several other characterized IncRNAs, 
Incl3 is preferentially present in the nucleus 
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Gluten triggers inflammation. The action of Inc13 in a normal macrophage or a macrophage with an active inflammatory 
response is shown. A decrease in available Incl3 (due to its increased association with DC2P) is linked to celiac disease. 
Incl3 function is impaired by the change in RNA sequence caused by a risk-related SNP, rs917997 (red star). 


of the cells, and through binding to chroma- 
tin factors, it mediates gene silencing (5). 
In particular, Inc13 forms a complex with 
heterogeneous nuclear ribonucleoprotein 
D (hnRNPD) and the histone deacetylase 
HDAC-1. In nonstimulated macrophages, 
this Inc13-containing repressor complex is 
localized to the promoters of pro-inflam- 
matory genes, keeping them transcription- 
ally silent. In agreement with this model, 
Castellanos-Rubio et al. have shown that 
Inc13, hnRNPD, and HDAC-1 are associ- 
ated to those gene promoters. However, it 
remains unknown whether these are the 
only targets of Incl3, or whether it regu- 
lates the expression of additional genes of 
the inflammatory response, or even of other 
cellular pathways. 

The activity of Inc13 seems to depend on 
the interaction with the RNA binding pro- 
tein hnRNPD. hnRNPD is an abundant pro- 
tein that functions at different levels of RNA 
metabolism and is also involved in tran- 
scriptional regulation. hnRNPD binds with 
high affinity to RNA molecules that contain 
AU-rich (A, adenine; U, uracil) elements 
(AREs) (6). Interestingly, the interaction be- 
tween Incl3 and hnRNPD is affected by the 
sequence variation of the SNP rs917997. The 
interaction is substantially decreased when 
the genomic sequence variant is the disease- 
associated “TT” instead of the wild-type “CC” 
(T, thymine; C, cytosine). However, it is not 
clear whether the nucleotides correspond- 
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ing to the allelic variants of Incl3 are part 
of an ARE. Thus, the nucleotide change may 
be affecting RNA structure rather than be- 
ing localized to the protein-RNA interface. 
This not only highlights the relevance of 
RNA structure, but also shows how minimal 
changes in RNA sequence may have a func- 
tional impact. 

The study by Castellanos-Rubio et al. 
demonstrates that IncRNAs play an active 
role in celiac disease and represents an ex- 
citing example of how a disease-associated 
SNP can directly affect the function of a In- 
cRNA. It may be that other SNPs associated 
with risk of disease act in a similar man- 
ner. Unfortunately, it is still not possible to 
predict how long RNA molecules fold, and 
whether and how they interact with RNA 
binding proteins or genomic regions. At 
present, only individual detailed experi- 
mental analyses can deliver that informa- 
tion. Such studies will hopefully help us to 
infer the molecular principles that govern 
the function of IncRNAs and allow the de- 
sign of IncRNA-targeting therapies. 
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the flow 


A desktop machine 
allows on-demand 
medicine production 


By Rainer E. Martin 


magine it is the middle of the night. A 

severe snow storm has hit the region, 

and your 3-year-old’s fever is rising. You 

suspect a serious infection and cannot 

wait until the next morning to go to the 

pharmacy, yet the roads are impassable. 
No problem—you were recently granted ac- 
cess to a prototype machine no larger than 
a kitchen microwave that allows the user to 
synthesize their pharmaceutical of choice. 
You start up a smartphone app that has 
access to the family medical history and 
other relevant parameters, such as allergies 
and body weight. A few minutes later, you 
have consulted an emergency pediatrician 
through the app, inserted the relevant cap- 
sule, and pressed the start button. After a 
short wait, a single, personalized dose of the 
necessary antibiotic is ready for use. All this 
may sound like science fiction, but the report 
by Adamo et al. on page 61 of this issue (1) 
proves that this scenario might become real- 
ity in the not-too-distant future. 

The authors have created an on-demand 
synthesis platform that can produce thou- 
sands of formulated, ready-to-use liquid 
drug doses per day. Currently, the end user 
can choose from four key drugs, but the drug 
catalog can be extended. The fully integrated 
machine is roughly the size of a refrigerator 
and contains individual synthesis, purifica- 
tion, and formulation modules. Once a drug 
is selected, the required synthesis steps are 
conducted automatically by guiding start- 
ing materials and reagents through a flow 
reactor network that is established within 
the machine for the selected drug. Complex, 
laborious, and time-consuming steps such as 
phase separation, precipitations, and crystal- 
lizations, which are required to get to the pu- 
rified pharmaceutical, are all conducted in a 
fully automated fashion. 

Since the early days of Justus von Liebig 
(1803 to 1873), the art of organic synthesis 
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has relied on batch processing (see the fig- 
ure) (2). Generations of chemists have been 
trained to perform chemical reactions in a 
process similar to cooking. Reagents, cata- 
lysts, and solvents are added into a flask 
and then stirred and heated for a given 
time, after which the chemical composition 
is analyzed to see if the reaction is com- 
plete, and the product is isolated. Modern 
lab equipment is much more specialized, 
but the guiding principle is still the same. 
Sequential batch processing remains the 
most commonly applied methodology for 
the production of chemicals that we need 
for our society, such as active pharmaceu- 
tical ingredients, fine chemicals, food addi- 
tives, and agrochemicals (3). 

A conceptually different approach to 
chemical synthesis is to pump the reagents 
in a continuous flow through a tubular or 
chip-based reactor (see the figure). The re- 
actor can be cooled, heated, or irradiated 
with light and can contain immobilized re- 
agents, catalysts, or scavengers that remove 
unwanted side products or trace metals. The 
increased surface-to-volume ratio of flow 
reactors results in certain advantages over 
classical batch processing such as improved 
heat and mass transfer. This reduces synthe- 
sis time, increases efficiency, considerably 
improves mixing of reaction partners, and 
avoids the formation of hot spots, which can 
lead to unwanted side products (4). 

The closed nature of flow reactors of- 
fers many other advantages. For example, 
it allows superheating of solvents beyond 
their boiling point, shortening production 
times by increasing reaction rates. Using 
temperatures and pressures that are classi- 
cally inaccessible provides a novel process 
window (2, 5). Hazardous and highly toxic 
compounds or unstable reaction intermedi- 
ates are kept in a closed system, increasing 
process safety and moving the process to- 
ward closer agreement with the principles 
of green chemistry (6). 

By nature, flow processes are suitable 
for automation. This offers interesting pos- 
sibilities, such as running sequential reac- 
tion steps consecutively without isolation of 
intermediates, real-time inline diagnostics 
for optimum reaction parameter control, 
minimization of compound and _ solvent 
consumption by miniaturization, and con- 
tinuous operation (7). Flow principles can 
be applied to reaction scales ranging from 
nanograms to tons. Even relatively small 
reactors can generate kilograms of material 
per day. 

Flow processes have been used for many 
years for the production of a number of com- 
modity chemicals, particularly in the petro- 
chemical industry. However, flow chemistry 
has only recently become an accepted and 
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Batch reactor configuration 


Reagent A: Reagent B 


Flow reactor configuration 
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Pharmaceuticals on demand. Medicinal chemistry 
has traditionally relied on batch synthesis. Adamo et al. 
instead use flow chemistry for on-demand production 
of medicine doses in a desktop machine. The work 
illustrates the potential of flow chemistry for fine- 
chemicals production. 


enabling tool for the modern medicinal 
chemist (8, 9). Its adoption in medicinal syn- 
thesis has been facilitated by the advent of 
several vendors providing specialized modu- 
lar and rapidly reconfigurable devices for 
running different types of reactions. Flow 
chemistry has expanded synthetic capabili- 
ties and opened new avenues for the efficient 
assembly of complex natural compounds 
and important medicines (JO-13). 
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Flow technologies have the potential to be 
very powerful not only for the synthesis and 
purification of novel compounds, but also for 
merging chemical, analytical, and biological 
procedures into a single continuous process. 
This would minimize spatiotemporal barri- 
ers and foster a cost-efficient lead discovery 
process. Werner et al. have shown that a 
flow-based biochemical assay can be seam- 
lessly integrated into a fully automated flow 
synthesis, purification, compound quantifi- 
cation, and biological testing system (14). An 
hour after the injection of starting materials, 
potency data against a given biological target 
are available. This unprecedented reduction 
in synthesis-testing cycle times could help to 
speed up the generation of structure-activity 
relationship data, thereby accelerating the 
drug discovery process. 

How will flow technologies influence the 
way we produce pharmaceuticals in the fu- 
ture? Advances in flow technology such as 
that demonstrated by Adamo et al. are push- 
ing the boundaries of synthetic capability. 
The pharmaceutical industry has already 
devoted substantial resources to transferring 
traditionally batch-style processes to flow- 
type architecture to reduce infrastructure 
investments and make the industry fit for 
on-demand production. 

The work by Adamo e¢ al. offers tantaliz- 
ing prospects of on-demand drug delivery 
in emergency and specialized cases, such as 
epidemics of rare diseases in refugee camps 
or after natural disasters. Issues remain with 
regard to accessibility of cartridge refills, 
waste disposal, and how to avoid the produc- 
tion of illicit substances. However, the major 
advance in this work lies not in the delivery 
of a desktop drug synthesis machine, but in 
demonstrating the great potential of flow 
chemistry in drug production. This brings 
the prospect of safer, more efficient, and sus- 
tainable pharmaceutical production through 
flow technologies closer to reality. 
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Identity theft 


Inspired by true events, a new play explores 
a controversial case of gender reassignment 


By Oliver Vikbladh 


n 1966, when David Reimer and his 

twin brother were only 7 months old, 

they were brought to a local hospital to 

be circumcised. A piece of equipment 

malfunctioned, and David emerged 

from the operation with his penis oblit- 
erated. Desperate and devastated, his par- 
ents turned to John Money, a well-known 
clinical psychologist and influential re- 
searcher of human sexuality at 
Johns Hopkins University, often 
credited with coining the term 
“gender identity.” 

Money had developed a theory 
on how gender roles emerge, one 
that emphasized the primacy of 
nurture over nature. He advised 
the Reimers to allow doctors to 
surgically construct female geni- 
talia from David’s remaining tis- 
sues and to raise him as a girl, 
unaware of what had transpired. 

Money had previously overseen 
similar interventions on intersex 
individuals. It is unclear, however, 
whether the Reimers understood 
that David would be the first child 
unambiguously born a boy to re- 
ceive the treatment. 

In the end, the Reimers fol- 
lowed Money’s recommendations—a deci- 
sion they would later regret. By his own 
adult account, David spent a traumatic 
early childhood feeling like a boy trapped 
in the body of a girl (1). At the age of 38, 
he took his own life, having lived as male 
since age 13. 

In her new play, Boy, now on stage at the 
Clurman Theatre in New York City, play- 
wright Anna Ziegler presents an engross- 
ing, fictionalized account of the Reimer 
case. In one of the opening scenes, a woman 
composes a letter to Dr. Wendell Barnes: 
“You said we are shaped by society and not 
biology ... and for the first time in a long 
time I felt some...hope,” she writes, after re- 
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laying the tragic story of her son’s botched 
circumcision. “[OJne should do whatever 
one can to ease unnecessary suffering, how- 
ever radical,” Barnes later replies. 

The play unfolds through two parallel 
narratives. One depicts the complex rela- 
tionship and growing affection between 
Barnes and Samantha, a young patient 
struggling with her identity. The other is 
a story of burgeoning love between Jenny 
and Adam, a young man with a dark past. 


Bobby Steggert (left) and Ted Koch in a scene from Boy 


The cast delivers a strong performance 
of a complex script that, although clear 
and sometimes moving, occasionally suf- 
fers from excessive exposition. Particularly 
impressive is Bobby Steggert, the actor cast 
in the story’s central role, who excels at ex- 
pressing a childlike innocence infused with 
confusion and bitterness. Steggert is aided 
by Linsay Firman’s steady direction, which 
allows the two narratives to seamlessly 
intermix. 

Perhaps the most complex character in 
the play is Barnes: highly educated, but 
naive, with a tendency for overabstraction. 
Discussing literature with Samantha, he re- 
marks about Jane Eyre, “She is such a won- 
derful symbol, isn’t she ...,’ which prompts 
the confused response: “I didn’t think she 
was a symbol. I thought she was a person.” 
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Boy 

Anna Ziegler; directed 
by Linsay Firman 
The Clurman Theatre, 
New York, NY 

Through 9 April 2016 


Barnes’s pretensions are presented in 
sharp contrast with Doug, Sam’s working- 
class father, who serves as a voice of reason 
throughout the play. Eventually, Doug con- 
fronts Barnes, questioning his motivation 
for taking on the case. “[W]e both know 
you never really cared about Sam. All you 
wanted was a doll to play dress-up with. To 
prove your theories with.” 

Similar accusations were leveled at John 
Money, who, despite evidence that all was 
not well, declared the David Reimer experi- 
ment a success. His work on the case ampli- 
fied his fame and influenced the thinking 
of both scientists and doctors until David 
Reimer went public with his own 
account in 1997 (2). 

Unfortunately, debates over 
medical and scientific misconduct 
are hardly a thing of the past. The 
current scandal surrounding Ital- 
ian surgeon Paolo Macchiarini 
similarly highlights the ethical 
hazards that exist at the frontiers 
of biomedicine. Although Mac- 
chiarini was originally cleared of 
misrepresenting the success of a 
series of experimental trachea im- 
plants (3), subsequent revelations 
have called into question whether 
his patients, most of whom died, 
were sufficiently informed about 
the risks of his procedure. 

It is, of course, almost impos- 
sible to know with certainty what 
motivates a doctor or scientist to 
take unjustifiable risks. Personal ambition, 
ideological zeal, or an appeal to some greater 
good might coexist within the same person. 
With Boy, however, Ziegler has opted for a 
generous, and perhaps therefore even more 
tragic, interpretation of the doctor’s motives, 
depicting Barnes as acting out of misguided 
benevolence and love for the “daughter” he 
helped create. Ultimately, he faces his pa- 
tient and the consequences of his methods 
in a cathartic exchange of the kind that the 
real David Reimer was never afforded. 
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Life in the lab 


A new memoir revels in the joys, sorrows, and occasional 
absurdities that come with a career in science 


By Meg Lowman 


66 ou may think a mushroom is a fun- 
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gus. This is exactly like believing 

that a penis is a man.” If this evoca- 

tive statement does not capture 

your attention, then perhaps noth- 

ing will. Hope Jahren, the woman 
who wrote it, could be described as the Jane 
Goodall of botany. Whereas Goodall’s writ- 
ing elevated chimps to the top of our lists of 
charismatic megafauna, Jahren has set out 
to draw attention to a much more challeng- 
ing group of organisms. In her new book, 
Lab Girl, she has transformed the seden- 
tary, slow-growing lives of plants into a vi- 
brant series of stories that are interwoven 
with tales of her own research career in the 
field of paleo-plant physiology. 

As a field biologist myself, with the entire 
forest as my laboratory, I gained enormous 
insights into the world of the indoor labora- 
tory from this book. Jahren sets the record 
straight about the value of having a scientific 
“base camp” as a place to ask pivotal ques- 
tions. “My lab is the place where I put my 
brain out on my fingers and I do things. My 
lab is a place where I move. I stand, walk, 
sit, fetch, carry, climb, and crawl. My lab is a 
place where it’s just as well that I can’t sleep, 
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because there are so many things to do in 
the world besides that,’ she writes. “All the 
baffling things that arrived unwelcome with 
adulthood—tax returns and car insurance 
and pap smears—none of them matter when 
I am in the lab” 

Jahren tells it like it is, mincing no words 
to describe the loneliness and uncertainty 
she experienced early in her scientific ca- 
reer. Recalling her first semester as an as- 
sistant professor, she writes, “I think I made 
more mistakes on the homework than the 
students did.” 

She is equally frank about the creative 
efforts that went into setting up her first 
laboratory. “We went to the Salvation Army 
and got old camping equipment for the lab 
and amateur oil paintings for my office. We 
visited the state surplus warehouse, where 
anyone with a Georgia state employee ID 
card could help themselves to the mountain 
of outdated equipment that had been dis- 
carded by local government agencies.” 

The characters who populate Jahren’s 
world are as lively as the drought-stressed 
plants she studies. Her longtime friend and 
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“Science has taught me that everything is more 
complicated than we first assume,” writes Jahren. 


lab manager, Bill, is central to the narrative, 
playing the part of the quiet and reliable 
fixer and confidant. 

The stories she shares are compelling 
because they are relatable. How many of 
us have a “Bill” in our lives: a Renaissance 
man or woman who can resolve seemingly 
hopeless dilemmas and is there to listen 
during times of doubt? And although not 
all of us have had a student who crashed 
the university van en route to a conference, 
we all have at least a few student-related 
tales of woe. 

I must admit to reading this book twice— 
once for the incredible descriptions of plant 
physiology and botanical experiments and 
the second time to focus on Jahren’s life 
as a woman working in a field that is pre- 
dominantly male. In the end, I am not sure 
which is more extraordinary, the plants or 
the woman who studies them. If the next 
generation of scientists have role models 
like Jahren, then the world of science will 
be better off indeed. 

Our libraries are full of books written by 
Darwin, Pasteur, Leakey, Ehrlich, and many 
hundreds of acclaimed male scientists. The 
shelf of titles by women doing science is 
much smaller, yet it is growing. As a woman 
who has written a book about her own (mis) 
adventures in science (1), I look forward to 
the day when my bookshelf reflects the rich 
diversity of all those who are engaged in the 
scientific enterprise. 
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BACKGROUND: Inflammatory lesions often 
contain dead cells. Cell death in develop- 
mental processes characteristically occurs by 
apoptosis, a form of programmed cell death 
in which dying cells are phagocytized before 
undergoing membrane damage. In inflam- 
mation, however, cell death is often necrotic, 
where cellular constituents are released after 
membrane rupture. The death of cells in in- 
flammation was until recently thought to 
result from other changes in the inflamed 
tissue. This view has changed, however, owing 
to several findings: that necrotic cell death 
can be induced by biomolecules known to ini- 
tiate inflammation [such as the cytokine tumor 


necrosis factor (TNF) or the pathogen com- 
ponent lipopolysaccharide (LPS)]; that it can 
be dictated in a programmed manner by dis- 
tinct sets of signaling mechanisms; and that 
it yields release of some cellular components 
capable of facilitating inflammation. It now 
seems probable that necrotic cell death is not 
always a consequence of inflammation, but is 
sometimes rather its trigger. To confirm this 
notion, we need reliable tools for detection of 
programmed necrosis in vivo. Because pro- 
grammed necrosis cannot be distinguished 
morphologically from accidental cell death, 
its identification in inflamed tissues must be 
based on its distinctive molecular details. 
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Effector mechanisms in lytic and nonlytic cell death (A) In apoptosis, caspases cleave substrate 
proteins that orchestrate the cell-death process. (B) In necroptosis, protein kinases phos- 
phorylate MLKL, thereby activating it. Phospho-MLKL then causes cell lysis. (C) In pyroptosis, 
other caspases cleave and hence activate gasdermin-D (GSDMD), thus causing death. These 
caspases also activate cytokines IL-1B and IL-18. In both necroptosis and pyroptosis, the cell 
membrane ruptures, releasing cellular components that may trigger inflammation. 
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ADVANCES: We now have quite detailed 
knowledge of the mechanisms initiating 
apoptotic cell death and those initiating two 
forms of programmed necrosis—necroptosis 
and pyroptosis. Apoptosis is triggered by pro- 
teases of the caspase family. Necroptosis is 
triggered by specific protein kinases, most cru- 
cially receptor-interacting protein kinase-3 
(RIPK3). Pyroptosis is triggered by caspases 
distinct from those mediating apoptosis, and 
whose activation yields proteolytic activation 
of the inflammatory cytokines interleukin-1p 
(IL-1B) and IL-18. All of these molecular ini- 
tiators of death programs, however, also con- 
tribute to the initiation of nondeadly cell 
functions and are thus not specific markers 
for death. Two proteins were recently found 

to act further downstream 
in the signaling pathways 
leading to programmed 
necrosis. One, the pseu- 
dokinase mixed lineage 
kinase domain-like pro- 
tein (MLKL), is crucial for 
necroptosis. The other, gasdermin-D (GSDMD), 
after cleavage by the pyroptosis-mediating 
caspases, is a major player in their induction 
of death. Mere expression of activated MLKL, 
or of the N-terminal proteolytic fragment of 
GSDMD, can trigger necrotic death. The finding 
that MLKL and GSDMD play roles in necrop- 
tosis and pyroptosis raises hopes that we are 
approaching the identification of molecules 
that exclusively serve these forms of death. 


Read the full article 
at http://dx.doi. 
org/10.1126/ 
science.aaf2154 


OUTLOOK: What are the parameters that can 
reliably allow us to define a cause-effect relation- 
ship between necrotic death and inflammation— 
and more generally, to define the causal 
relationships between any disease and its co- 
occurring pathogenic events? In the case of cell 
death, this question boils down to the need to 
identify molecular events that contribute spe- 
cifically enough to allow their use as definitive 
molecular probes. The effectors of death—proteins 
found to mediate deadly changes in the cell— 
are likely to have that absolute specificity. 
Whether MLKL and GSDMD are such death 
effectors has yet to be established. Some studies 
suggest that MLKL directly permeabilizes mem- 
branes, whereas others suggest that it does not. 
Regarding GSDMD, there is still no knowledge 
of the mechanisms by which its N-terminal frag- 
ment triggers death. Identifying death-effector 
molecules will be of immense importance to 
medicine. Such molecules will not only be the 
best markers for detecting programmed necro- 
sis, but will also serve as the optimal targets for 
its pharmaceutical arrest in disease. 
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Programmed necrosis in 
inflammation: Toward identification 
of the effector molecules 
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Until recently, programmed cell death was conceived of as a single set of molecular 
pathways. We now know of several distinct sets of death-inducing mechanisms that lead to 
differing cell-death processes. In one of them—apoptosis—the dying cell affects others 
minimally. In contrast, programmed necrotic cell death causes release of immunostimulatory 
intracellular components after cell-membrane rupture. Defining the in vivo relevance of 
necrotic death is hampered because the molecules initiating it [such as receptor-interacting 
protein kinase—1 (RIPK1), RIPK3, or caspase-1] also serve other functions. Proteins that 
participate in late events in two forms of programmed necrosis [mixed lineage kinase 
domain-like protein (MLKL) in necroptosis and gasdermin-D in pyroptosis] were recently 
discovered, bringing us closer to identifying molecules that strictly serve in death mediation, 
thereby providing probes for better assessing its role in inflammation. 


66 hen I use a word...it means just 
what I choose it to mean—neither 
more nor less.” This declaration 
from Lewis Carroll’s Through the 
Looking Glass aptly describes a 

common practice of scientists. By defining terms 

and deciding what they stand for, they spur in- 
terest in testing the validity of their hypotheses; 
unlike Humpty Dumpty’s assertion, however, terms 
defined by scientists often turn out to mean more 
than initially conceived. 

The term “programmed cell death” has made 

a huge and persisting impact on cell death re- 

search (1). However, recent developments in cell 

death research have altered our view of what this 
term means. Until recently, programmed cell death 
was thought to occur only in one form, called 

“apoptosis.” This form is characterized by in- 

duced changes that yield death in a way that 

minimizes its impact on neighboring living cells. 

Recent findings have revealed, however, that 

another form of death, “necrosis” or “oncosis,” can 

also be dictated by defined molecular pathways. 

Necrosis involves release of the dying cell’s intra- 

cellular components, and the effects of this release 

on neighboring cells can yield inflammation (2). 

Based on the findings regarding apoptosis, 

programmed cell death was initially viewed as a 

set of mechanisms that act exclusively within the 

dying cell and serve only to dictate its demise. 

In programmed necrosis, the end of the plan of 
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action toward death is believed to be not only 
death induction but also induction of inflamma- 
tion, another complex programmed process ca- 
pable of causing death in other ways. Here, we 
address the challenges faced in the study of 
programmed necrosis in vivo and the attempts 
to overcome them by harnessing the knowledge 
gained ex vivo. While there are various pathways 
by which necrosis can be “programmed,” we focus 
here on those of necroptosis and pyroptosis. 
(See glossary in Box 1.) 


Possible roles of lytic and nonlytic 
cell death in inflammation 


Inflammation is a multicellular process that de- 
stroys pathogens and promotes recovery from 
injury through a variety of cooperating changes, 
including cell death (2). Initially identified as a 
pathological phenomenon, cell death is still often 
described in pathology textbook chapters on tis- 
sue damage. Indeed, some of the most harmful 
consequences of infection and inflammation, in- 
cluding the massive damage to tissues in necro- 
tizing fasciitis (“flesh-eating” syndrome) and the 
functional arrest of regions in the heart and brain 
pursuant to infarct and stroke, can be ascribed 
to massive cell death. 

Various manifestations of the pathology of 
inflammation are known to be mediated by cel- 
lular functions that are potentially beneficial, 
yet cause damage when induced in excess. Sim- 
ilarly, when cell death in inflammation occurs in 
a restricted manner, its role can be beneficial, as 
in the elimination of injured or infected cells, which 
are taken up by phagocytosis as they die (3, 4). 

Phagocytic uptake of a dying infected cell, how- 
ever, might not suffice to eradicate the path- 
ogens that infected it, and might instead have 
the opposite effect. Being able to survive and 


replicate within cells, intracellular pathogens may 
continue to survive in the cells that engulf them 
and might thus exploit this uptake for their fur- 
ther spread. This is particularly true of pathogens 
that can withstand destructive activities within 
professional phagocytes. Indeed, a variety of harm- 
ful intracellular pathogens prosper in phagocytic 
cells, including Mycobacterium tuberculosis, Shi- 
gella flexneri, and others. In order for cell death to 
assist in destroying such pathogens, these patho- 
gens must permeate through the cell membrane 
into the extracellular milieu, where they might be 
unable to grow and/or be exposed to other defen- 
sive mechanisms. 

Lytic cell death can also contribute to defense 
in another way. Various intracellular components, 
once released from dying cells, can trigger inflam- 
matory activities in other cells. By allowing the 
release of such “damage associated molecular pat- 
terns” (DAMPs), lytic cell death may self-amplify 
or even initiate the inflammatory process. 

Thus, depending on the role that cell death 
might play in inflammation, it should optimally 
occur in one of two ways. For eliminating intra- 
cellular pathogens that resist destruction by in- 
tracellular defense mechanisms, death of the cells 
would preferably involve rupture of their mem- 
branes. In contrast, death destined to eliminate 
pathogens that are easily destroyed within pro- 
fessional phagocytes, or facilitation of repair by 
phagocytic uptake of malfunctioning cells, would 
be better served without membrane rupture (non- 
lytic cell death), thus maximizing removal of 
the cellular constituents and preventing DAMP- 
mediated perpetuation of inflammation. 

Cell death also plays a role in promoting adap- 
tive immune responses to antigens associated 
with the dying cells (e.g., produced by an infect- 
ing organism or by cancer-associated mutations). 
This “immunogenic cell death” is distinct from 
inflammation per se (5). Immunogenic cell death 
involves activation of dendritic cells and a pro- 
cess of “cross-priming,” in which molecules in 
the dying cell are processed and presented on 
class I major histocompatibility complex (MHC) 
molecules in the dendritic cell for recognition by 
CDs* T lymphocytes (6). 


Apoptosis—a nonlytic form 
of death mediated by proteases 
of the caspase family 


The characteristics of apoptotic cell death min- 
imize disturbance of living cells by the dying 
cells. This cell death program is prevalent in de- 
velopment and tissue remodeling, processes not 
associated with inflammation. When apoptosis 
occurs in inflammatory lesions, it might actually 
serve to terminate the inflammation. In apoptosis, 
a group of structurally related proteases called 
“effector” (or “executioner”) caspases (in humans, 
caspase-3, -6, and -7) cleave specific target sites 
in numerous cellular proteins. These caspases ini- 
tiate multiple enzymatic and structural changes 
that lead to the morphological and functional 
changes characteristic of apoptosis. As expected 
for a programmed process, the various molecular 
pathways that are targeted for cleavage by the 
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Box 1. Glossary of terms. 


Apoptosis: a programmed form of nonlytic cell death resulting from the activation of effector 


caspases via a variety of upstream signals 


Caspases: cysteine-dependent aspartate-directed proteases that cleave numerous targets 


in the cell after activation by upstream signals 


Cross-priming: the process of uptake and presentation of antigen on class | MHC by 
phagocytic cells such as dendritic cells in order to activate CD8 response 

Damage associated molecular patterns (DAMPs): a series of intracellular components 
released upon cellular damage that induce inflammatory activities in other cells 

Effector caspase: a caspase activated via an initiator caspase that targets cellular proteins 
for cleavage and orchestrates the process of apoptosis; also referred to as an executioner 


Caspase 


IL-1p: an inflammatory cytokine produced in proform requiring caspase cleavage for maturation 


and release 


Immunogenic cell death: cell death that directly activates the immune response through 
uptake of the dying cells and presentation of associated antigens to T lymphocytes 
Inflammasome: a general term for macromolecular complexes acting as activation platforms 


for caspase-l, -4, -5, or -11 


Inflammation: a complex biological response involving production of cytokines to recruit 
innate and adaptive immune cells in order to eliminate the initial insult, clear out damaged 
tissue, and initiate the repair process through a variety of cooperating functional changes 

Inflammatory caspases: caspases 1 and 11 in mouse and 1, 4, and 5 in human whose 


activation leads to the processing of IL-1p 


Initiator caspase: a regulatory caspase that requires the formation of a macromolecular 
complex for activation, and functions to activate effector caspases 

Koch postulates: a set of four criteria published by the German physician Robert Koch in 
1890 designed to evaluate the causative link between a microbe and disease 

Lytic cell death: cell death that results in the acute permeabilization of the plasma membrane 

Necroptosis: programmed form of lytic cell death in which RIPK3 activation leads to 
downstream activation of MLKL and the acute permeabilization of the plasma membrane 

Nonlytic cell death: cell death in which cells are packaged for disposal by phagocytes, 
generally preventing the release of intracellular contents 

Phagocytosis: the process of a cell (i.e., macrophages, dendritic cells) ingesting cell fragments 
or microorganisms, leading to the formation of a vacuole to degrade the engulfed components 

Pleiotropy: the phenomenon in which something, such as a protein, plays more than one, 
often opposing, role in cellular processes; for example, caspase-8 is necessary for death 
receptor—mediated apoptosis, but restrains necroptosis 

Programmed cell death: originally referred specifically to cell death that is “programmed” 
in development, but now taken to mean any cell death engaged by an active predestined 


molecular mechanism 


PRR: pattern recognition receptor; cellular proteins evolved to specifically bind components 
of pathogens and to initiate signaling for defense 

Pyroptosis: lytic form of cell death characterized by activation of inflammatory caspases 
and usually associated with secretion of IL-1B and IL-18 


effector caspases are evolutionarily conserved (7). 
Some of these molecular pathways serve to safe- 
guard against the release of DAMPs, limiting the 
initiation of inflammation; other molecular fea- 
tures actively suppress inflammatory activity by 
leukocytes (8). 

The ability of a wide range of different in- 
ducers to activate the same apoptotic program 
has been ascribed to the existence of molecular 
hubs that convey activating signals to the ef- 
fector caspases through some other members of 
the caspase family defined as “initiator caspases.” 
In the so-called “intrinsic cell death pathway,” 
effects of intracellular death inducers converge, 
mainly through the function of members of the 
Bcl-2 protein family. The latter act to permeabilize 
the outer membranes of the mitochondria, releas- 
ing cytochrome c and other intermembrane space 
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proteins. Cytochrome c triggers the oligomer- 
ization of an adapter protein, APAF1, which 
then binds and thereby activates the initiator 
caspase, caspase-9 (9, 10). 

In the extrinsic cell death pathway, signals 
emanating from the receptors for tumor ne- 
crosis factor (TNF) and from some other mem- 
branous receptors converge to oligomerize the 
adapter protein FADD/MORTI. This in turn 
binds and thus activates another initiator caspase, 
caspase-8 (11). 

In both the intrinsic and the extrinsic cell 
death pathways, the triggering of apoptotic 
death occurs by imposed dimerization of the 
initiator caspases within distinct signaling com- 
plexes. Association of the caspases with their 
adapter proteins in these complexes is mediated 
by homotypic binding domains encompassing 


one of four related “death-fold” motifs (72). Once 
activated, caspase-8 and -9 proteolytically process 
and activate effector caspases. 


Necroptosis—a regulated, lytic cell 
death involving specific kinases 


The term “necrosis” (or “oncosis”) refers to all 
forms of death that are characterized by swelling 
of the cells and their organelles, followed by per- 
meabilization of the cellular membranes. This is 
the typical pattern of death of cells in response to 
accidental damage, and also of the two forms of 
programmed cell death described here—necroptosis 
and pyroptosis. Whereas the morphologic fea- 
tures of apoptosis, both in vivo and in cell culture, 
distinguish it clearly from other forms of cell 
death, there is currently no way to distinguish 
necroptosis or pyroptosis from accidental ne- 
crotic death merely by visual inspection of the 
cells. Our knowledge of those forms of pro- 
grammed death and their consequences is there- 
fore largely restricted to information based on 
identifying the molecules involved, either in vitro 
or through the use of genetically modified ani- 
mals in vivo. 

The discovery of necroptosis can be traced 
back to the seminal finding in 1965 that certain 
leukocyte-produced cytokines, called lympho- 
toxins, cytotoxins, or TNF, can trigger cell death 
(13, 14). This death was initially reported to oc- 
cur by apoptosis. By 1988 it had been clarified, 
however, that in some cells, TNF also triggers 
necrotic death (15). 

The most upstream signaling activity required 
for induction of necroptosis by a TNF ligand fam- 
ily member is the protein kinase function of 
receptor-interacting protein kinase-1 (RIPK1) (J6, 17) 
(Fig. 1). Several other biological stimuli trigger 
necroptosis independently of RIPK1: the inter- 
ferons (IFNs) exert necroptotic effects that de- 
pend on the interferon-induced protein kinase 
PKR (/8, 19). Also, Toll-like receptor 3 (TLR3), 
a membrane-anchored receptor for viral nucleic 
acid, induces necroptosis via the adapter protein 
TRIF (20). Some viruses can also trigger ne- 
croptosis independently of RIPK1. The cell death 
response to mouse cytomegalovirus (MCMV) 
infection, for example, employs the IFN-induced 
protein DAI (27-23). Unlike RIPK1, neither TRIF 
nor DAI possesses protein-kinase or any other en- 
zymatic activity. 

The protein kinase RIPK3 acts downstream 
of RIPK1 in the necroptotic signaling pathway 
(24-26). It is activated by associating with RIPK1, 
TRIF or DAI, with which it associates via a RIP 
homotypic interacting motif, RHIM. Strong nega- 
tive regulation of the initiation of signaling for 
necroptosis is mediated by caspase-8 together with 
a caspase-like molecule, c-FLIP;, (16, 27, 28), and by 
the ubiquitin ligases cLAP1 and cIAP2 (29). The 
last two mediate their effect by facilitating the 
anchorage of K63-linked polyubiquitin chains to 
RIPK1, thereby arresting the integration of RIPK1 
into the signaling protein complex that initiates 
necroptosis. 

RIPK3 mediates necroptosis by binding mixed 
lineage kinase domain-like protein (MLKL), a 
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protein kinase homolog that, despite binding 
adenosine 5°-triphosphate, is devoid of pro- 
tein kinase activity (30, 32). RIPK3 phosphoryl- 
ates MLKL, thereby imposing a conformational 
change that negates a self-inhibitory effect of 
the kinase-homologous C-terminal region in 
MLKL. This allows the N-terminal coiled-coil 
region to impose oligomerization of the MLKL 
molecules and subsequent cell lysis (32-34). 
Mere expression of the coiled-coil portion of 
MLKL, or of MLKL mutants in which the coiled- 
coil region is constitutively exposed, is toxic 
to cells (33, 35, 36). MLKL is therefore current- 
ly believed to be the major and perhaps the 
only RIPK3 target that mediates this form of 
death. 

However, RIPK3 also participates in signaling 
to other processes, including other forms of cell 
death, independently of MLKL. Kinase-inactive 
RIPK3 can signal, via RIPK1, to trigger caspase- 
8-mediated apoptosis (37-39). Several metabolic 
enzymes (24), as well as PGAMS5, a mitochon- 
drial protein with serine-threonine phosphatase 
activity (40), bind RIPK3 and contribute to in- 
duction of reactive oxygen species (ROS) and 
production of inflammatory cytokines. In addi- 
tion, RIPK3 binds Ca?*-calmodulin-dependent 
protein kinase (CaMKII) and activates it. In- 
duction of necrotic death of cardiomyocytes 
by oxidative stress appears to depend on the 
RIPK3-mediated activation of CaMKII and on 
the above metabolic enzymes. This death also 
appears to involve the generation of ROS and 
the function of cyclophilin-D—a key regulator 
of the mitochondrial permeability transition 
(MPT) pore—but not MLKL (47). MPT-mediated 
regulated necrosis is believed to occur by 
mechanisms distinct from those mediating ne- 
croptosis (42). In some cells, induction of ne- 
croptosis can be suppressed by ROS scavengers 
(43), suggesting a cell-specific requirement 
for synergism of the two pathways in death 
induction. 

That necroptosis is induced by TNF, a ligand 
for which almost all cells express receptors, might 
appear to suggest that this form of death is ex- 
erted in all cells. In reality, the situation is the 
opposite; almost all cells are normally resistant 
to the death-inducing activities of TNF. The cy- 
totoxic activities of this cytokine are therefore 
usually assessed either by the use of certain trans- 
formed cell lines that are uniquely sensitive to 
them or in the presence of drugs that sensitize 
cells to those activities (inhibitors of caspase 
action, or of the function of the ubiquitin ligases 
cIAP1 and cIAP2, of RNA synthesis, or of protein 
synthesis). 

This strict dependence of necroptosis on sen- 
sitizing mechanisms endows it with selectivity. 
Infection of cells by certain viruses sensitizes 
them to the cytotoxic activities of TNF and IFN 
(44, 45). In the case of several of these viruses 
and some bacteria, the form of death so enhanced 
is necroptosis. One molecular effect through which 
these pathogens facilitate necroptosis is preven- 
tion of caspase action (and apoptosis) by caspase- 
inhibitory proteins that they express (Fig. 1). 
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There are also viruses that facilitate necroptosis On the basis of these observations, it is be- 
through the direct action of viral proteins that | lieved that necroptotic death has evolved to 
mimic the function of signaling proteins in the | serve as a second line of defense, to assure that 
pathway. immune-mediated killing of pathogen-infected 
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Fig. 1. Initiation of necroptosis: distinct roles of inducing ligands and sensitizing factors. Activation 


of the proteins that initiate signaling for necroptosis is controlled at two mechanistic levels. The first is 
induction, mainly by extracellular host-derived ligands such as TNF. This induction does not affect 
healthy cells because it is normally blocked by cellular inhibitory activities, such as that mediated by the 
proteolytic function of the caspase-8/cFLIP_ complex (upper panel). The second level is sensitization, by 
pathogens and other agents that counteract the cellular inhibitory activities, allowing phosphorylation 
and oligomerization of MLKL and hence triggering of necrotic cell death (lower panel). The figure also 
depicts the various reported molecular consequences of MLKL activation. Those that might contribute 
to the induction of cell death are marked in orange. 
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cells occurs whenever the pathogen acts to block 
signaling for caspase-mediated apoptotic death. 
Some pathogens have further evolved to express 
proteins that block the induction of necroptosis. 
Conversely, some have usurped mechanisms 
of necroptosis induction for their own benefit 
[reviewed in (46)]. 


Pyroptosis—a pathogen-induced lytic 
form of death, associated with 
generation of inflammatory cytokines 


Pyroptosis was discovered as a form of death 
that is inflicted on cells upon their infection by 
certain pathogens. It is usually associated with 
secretion of IL-1B and IL-18, proinflammatory 
cytokines generated by proteolyic processing of 
precursors located within the cytoplasm. Sim- 
ilarly to apoptosis, pyroptosis, as well as its ac- 
companying generation of processed forms of 
IL-1B and IL-18, is mediated by specific mem- 
bers of the caspase family of cysteine proteases 
(the “inflammatory caspases”). These caspases— 
caspase-1 and -11 in mice and caspase-1 and two 
orthologs of caspase-11 (caspase-4 and -5) in 
humans—are structurally similar to the initiator 
caspases that signal for apoptosis. As alluded to 
in the term “pyroptosis” (“pyro” relating to fire 
or fever), the effects of DAMPs released from the 
dying cells, in combination with effects of the 
mature forms of IL-18 and IL-18, are believed to 
trigger inflammation. Such induced inflamma- 
tion following rupture of the cellular membrane 
can effectively facilitate destruction of intracel- 
lular pathogens that have triggered the death 
program upon their exposure to the extracellu- 
lar milieu (47). 

Whereas necroptosis occurs in a wide variety 
of cell types, pyroptosis was observed mostly in 
professional phagocytes—macrophages, mono- 
cytes, and dendritic cells, where it contributes 
to defense against pathogens (47)—although it 
has also been reported in other cells. Similarly 
to necroptosis, pyroptosis can be triggered by 
intracellular pathogens—bacteria, viruses, and 
nucleated parasites—and, like necroptosis, it is 
facilitated by exposure of the cell to extracyto- 
plasmic stimuli such as IFNs, TLR ligands, or 
TNF. However, the way in which these two groups 
of stimuli contribute to pyroptosis differs dia- 
metrically from how they contribute to necroptosis. 
In necroptosis, death signaling is usually initiated 
by extracytoplasmic ligands, and is facilitated by 
pathogens via the effects of pathogen-derived 
proteins that release the inhibition of this sig- 
naling by host-derived proteins. In contrast, extra- 
cytoplasmic ligands like TNF or those of the TLRs 
do not trigger signaling for pyroptosis, but only 
“prime” the cell for death induction by facilitat- 
ing synthesis of the proteins that signal it. The 
actual triggering event is the recognition of intra- 
cellular pathogen components by “pattern recog- 
nition receptors” (PRRs), cellular proteins that 
have evolved to specifically bind components of 
pathogens, and consequently to initiate signaling 
for defense (Fig. 2). 

Caspase, -5, and -11 are themselves PRRs; they 
are directly activated by Gram-negative bacteria 
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in the cytoplasm within macromolecular signal- 
ing complexes called “noncanonical inflamma- 
somes.” This activation is mediated by binding 
of the lipid-A portion of lipopolysaccharide (LPS) 
to the caspases (48). 

In the case of caspase-1, however, activation 
by pathogen components (as well as by DAMPs) 
occurs through the function of distinct proteins 
with PRR activity. These proteins bind caspase-1 
by death-fold associations within “canonical in- 
flammasomes.” The currently known caspase-1- 
activating PRRs belong to three protein families: 
the NOD-like receptor (NLR) and the tripartite 
motif-containing (TRIM) families that mediate 
activation of caspase-1 by bacterial proteins such 
as the flagellin of Legionella pneumophila and by 
DAMPs, and the Pyrin and HIN domain (PYHIN; 
also known as AIM2-like receptors, ALRs) fam- 
ily of PRRs that mediate activation of caspase-1 
by cytoplasmic or nuclear DNA of pathogens or 
by misplaced host nucleic acids. 

Some of the caspase-l-activating PRRs bind 
caspase-1 directly. Others employ ASC (apoptosis- 
associated speck-like protein containing a CARD), 
an intermediate adapter protein that serves as 
a means of signaling amplification. Upon ac- 
tivation, ASC self-associates, forming in each 
cell a single huge aggregate (“Spek”) that mas- 
sively activates caspase-1 and also induces its 
self-processing [reviewed in (49)]. 

The functional roles of caspase-1 and of caspase-4, 
-5, and -11, although interrelated, are apparently 
somewhat different. Whereas all of them cause 
pyroptosis, the accompanying processing of IL- 
18 and IL-18 appears to require caspase-1. The 
processing of IL-1B and IL-18 by caspase-4, -5, 
and -11 is indirectly mediated via activation of 
caspase-1 by the inflammasome containing the 
PRR NLRP3 (49). 

Besides cleaving the precursors for IL-1B and 
IL-18, the inflammatory caspases also cleave sev- 
eral other proteins. This cleavage serves various 
functions (50, 57). Recent studies revealed that 
cleavage of gasdermin-D (GSDMD) by these cas- 
pases contributes to death induction (52-54). The 
N-terminal fragment of GSDMD generated by 
this cleavage is by itself cytotoxic. Moreover, cells 
deficient in GSDMD are fully resistant to the 
induction of pyroptosis by caspase-11. They are 
also less sensitive to the pyroptotic effect of 
caspase-l, but are not fully resistant to it (62-54). 


Identifying programmed 
necrosis in inflamed tissues: 
A chicken-and-egg conundrum 


As mentioned above, inflammation is frequently 
associated with cell death. This phenomenon has 
attracted particular attention in situations where 
cell death is a major pathological determinant— 
for example, in the massive destruction of liver 
tissue in acute hepatitis, the loss of lymphocytes 
in septic shock, or damage to the heart muscle 
as a result of infarct or to the brain as an out- 
come of stroke. The identification of distinct sets 
of mechanisms that dictate programmed death 
raises hopes that drugs designed to target these 
mechanisms will be therapeutic in such patho- 


logical situations (42, 55). Moreover, the finding 
that specific molecules control certain forms of 
necrotic death that can initiate inflammation sug- 
gests that drugs targeting these molecules might 
allow arrest of some inflammatory processes. 

To achieve such goals, however, we must first 
find ways to identify those pathological situations 
in which specific forms of programmed cell death 
occur. We must then identify those situations in 
which these death programs serve an initiating 
role. Acquiring such knowledge is hampered, 
however, by the lack of means to distinguish be- 
tween necrotic death that was inflicted in a pro- 
grammed and in a nonprogrammed manner. 
Nonprogrammed necrotic death is likely to occur 
in inflammation, which characteristically involves 
isolation of the injured site. Restriction of the 
access of nutrients and oxygen to the isolated cells 
may suffice to cause their death. Mere dissociation 
of cells through effects of extracellular digestive 
enzymes generated by leukocytes may also re- 
sult in death, because cells must constantly receive 
survival signals from their neighbors and from 
the extracellular matrix. Cells can be killed by 
toxic compounds released by leukocytes, by ROS 
produced by leukocytes, by complement proteins, 
and by other agents generated at the site of 
inflammation [reviewed in (2)]. 

In the absence of a reliable analytical tool to 
distinguish necrotic death inflicted by any of 
the above-mentioned causes from necrotic death 
induced in a programmed manner, we will con- 
tinue to encounter a chicken-and-egg conundrum. 
We will be unable to tell whether the co-occurrence 
of necrotic death and inflammation in a partic- 
ular situation reflects an initiating role of the 
death in the observed inflammation or elicita- 
tion of this death by the inflammatory process. 
Because the morphological analysis of cells that 
die in the course of inflammation does not suf- 
fice to permit this distinction, we must base it 
on our mechanistic knowledge of programmed 
necrotic processes. For this, however, we must 
identify molecular parameters that are specific 
enough to allow definitive identification of such 
processes. 

Rigorous definition of parameters is always re- 
quired for specifying causal relationships between 
disease and co-occurring, potentially pathogenic, 
events. An example of such rigorous definition 
is the set of “Koch postulates” formulated over a 
century ago in an attempt to define the causal 
roles of specific infectious agents in diseases. 
Similar rigorous criteria must be applied to the 
molecular probes used to identify distinct forms 
of programmed cell death and establishing the 
causal role of these death forms in inflamma- 
tion (Table 1). 


Are we approaching identification of 
molecular probes specific to distinct 
forms of programmed cell death? 


Attempts over the years to define molecular probes 
specific to programmed cell death have been 
hampered by the fact that those same molecules 
with important roles in death also contribute to 
various functions of living cells (56). 
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Fig. 2. Induction of pyroptosis: distinct roles of priming and triggering 
stimuli and of “canonical” and “noncanonical” inflammasomes. Signal- 
ing for pyroptosis is regulated on two mechanistic levels, as in the case of 
necroptosis, but in a sort of inverse manner. The first level has to do with 
effects of extracytoplasmic ligands like TNF and PAMPs that “prime” the cell 
by activating genes encoding the signaling proteins. The second level is the 
actual triggering of signaling by components of intracellular pathogens and by 
DAMPs. This induction involves two distinct groups of signaling mechanisms. 
Most of the agents that induce pyroptosis do so by binding specific PRRs 
of the NLR, TRIM, or PYHIN families, thereby triggering the activation of 
caspase-1 within macromolecular complexes called the “canonical inflam- 
masomes.” Some of these inflammasomes also contain the protein ASC, 


which, once activated, self-associates in a huge complex (“Spek”) that both 
activates caspase-1 and facilitates its self-processing. In addition, intracellular 
LPS triggers pyroptosis by directly binding caspase-11 (in the mouse) or 
caspase-4 or -5 (in humans), activating these inflammatory caspases within 
the so-called “noncanonical inflammasome.” The caspases cleave a variety of 
target proteins that serve different functions. Their cleavage of GSDMD triggers 
pyroptosis through a yet-unknown effect of the GSDMD N-terminal domain. 
Other yet-unknown targets of caspase-1 also trigger pyroptotic death. Activation 
of IL-1B and IL-18 in the course of pyroptosis is mediated by processing of the 
precursors of these inflammatory cytokines by caspase-1. Caspase-11, -4, 
and -5 are incapable of processing these precursors. However, they impose 
this processing indirectly via activation of caspase-1. 


The function of the protein kinase RIPK1 pro- 
vides a typical example of the pleiotropic effects 
of proteins serving proximal roles in signaling 
pathways activated by TNF. A C-terminal death- 
domain motif in RIPK1 mediates activation of 
the extrinsic apoptotic pathway through associ- 
ation with the adapter protein FADD/MORTI. 
Another region within it (the “intermediate do- 
main”) is targeted to ubiquitination, and then 
initiates signaling for nuclear factor kB (NF-«B) 
activation and hence induction of inflammatory 
and death-inhibitory genes. It also blocks activa- 
tion of the extrinsic apoptotic death pathway 
through mechanisms independent of gene ac- 
tivation. Association of the RHIM domain in 
RIPK1 with a homologous region in RIPK3 has 
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a dual effect on necroptosis induction: It re- 
stricts the spontaneous activation of RIPK3 and 
hence its spontaneous initiation of necroptosis, 
but is also required for necroptosis initiation by 
TNF and by some other inducing agents (57). 
This complexity of RIPK1 function is under- 
scored in recent studies of immunogenic cell 
death that occurs when cells undergo necropto- 
sis. As discussed above, upon engulfment of a 
dying cell by a dendritic cell, antigens asso- 
ciated with the dying cell can be transferred to 
the class I MHC of the dendritic cell by “cross- 
priming,” a process important for activation of 
antigen-specific T cells. Cells that have under- 
gone necroptosis are particularly good at induc- 
ing such cross-priming. One study (58) suggested, 


however, that this process is dependent upon the 
activation of NF-«B by RIPK1 and that necroptotic 
cells that do not engage in such activation do 
not cross-prime, even though they induce inflam- 
matory effects in dendritic cells. 

Pleiotropy has also been observed in the func- 
tions of all other molecules found to participate 
in the proximal events of programmed cell death 
induction. The ubiquitin ligases cLAP1 and cIAP2 
and the protease caspase-8, prominent negative 
players in necroptosis initiation, each has a var- 
iety of other functional roles. Such is also the case 
with RIPK3; this protein kinase, apparently cru- 
cial for the induction of necroptosis, also con- 
tributes, independently of cell death, to a growing 
number of other cellular activities (59-62). 
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Table 1. Defining “Koch postulates”-like rigorous tests for identification of death-effector molecules and their causative roles in inflammation. 


Criteria indicative 
of a causative role 
of microbes in disease: 
the Koch postulates 


Criteria that are 
indicative of 
causative role 


Documentation of 
co-occurrence 


The microorganism is found in 
abundance in all organisms 
suffering from the disease, 
but not in healthy organisms. 


Characterization of the The microorganism can be 


Criteria indicative of the identity of death-effector molecules 
and their causative role in inflammation 


The case of MLKL The case of GSDMD 


The molecule is generated 
or activated in the dying 
cell prior to death. 


Phosphorylation and 
membrane translocation 
of MLKL co-occur with 
necroptosis. 


Caspase-mediated generation 
of an N-terminal fragment 
of GSDMD co-occurs 
with pyroptosis. 


(a) Functional studies of the (a) MLKL might be able to (a) No “deadly feature” of 


potentially causative 
element/effector 


molecule culture. 


isolated from a diseased 
organism and grown in pure 


molecule demonstrate 
cell-killing potential. 

(b) Studies of the particular 
form of death induced by 
the molecule confirm the 
potential induction of 
inflammation by it. 


form pores in membranes 
or activate ion channels. 
(b) The expected release of 
DAMPs by necroptotic 
cells can potentially initiate 
inflammation. 


the GSDMD N-terminal 
fragment as yet identified. 
(b) The expected release of 
DAMPs by pyroptotic 
cells can potentially 
initiate inflammation. 
Generation of IL-1p 
and IL-18 


Documentation of 
exclusive cause-and- 
effect relationship 


causes disease when 


organism. 


(b) The microorganism can be 
re-isolated from the inoculated 
diseased experimental host and 
identified as identical to the 
original specific causative 


agent. 


The caspases that serve crucial roles in the 
induction and execution of apoptosis, as well as 
those that induce pyroptosis, are also not death 
specific. Restrained activation of the “apoptotic 
caspases” contributes to induction of cell growth 
and differentiation (63). Activation of the inflam- 
matory caspase-1, besides inducing pyroptosis, 
activates IL-18 and IL-18. It also has other func- 
tions; for example, it triggers activation of the 
sterol regulatory element-binding proteins 
(SREBPs), transcription factors that up-regulate 
lipogenic genes and thus promote cell survival, 
probably by facilitating membrane repair (64). 
Caspase-4, -5, and -11 not only induce pyroptosis but 
also trigger activation of IL-18 and IL-18 through 
the NLRP3 inflammasome. Their reported ability 
to cleave various other target proteins suggests 
that they serve other functions as well (50, 65). 

Among the nondeadly functions of the proteins 
that signal for programmed necrotic death are 
several that affect inflammation. Through such 
effects, these proteins might therefore also inflict 
necrotic cell death indirectly [e.g., (55, 66)]. 
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(a) The cultured microorganism 


introduced into a healthy 


(a) Expression/activation of 
the molecule alone suffices 
to inflict death and consequent 
inflammation. 

(b) Ablation of the expression of 
the molecule prevents cell 
death and consequent 
inflammation. 

(c) The molecule can be shown 
to be incapable of triggering 
inflammation independently 
of death. 


Of the early components of the pathways lead- 
ing to programmed cell death, none has been 
found that is sufficiently specific to serve as a 
probe for its identification. It might nevertheless 
be possible to design such probes, based on our 
knowledge of those later events that are the most 
directly related to death. Recent developments in 
elucidation of the mechanisms underlying nec- 
roptosis and pyroptosis raise hopes that we are 
nearing the identification of such “death-specific” 
late events. MLKL, the last known component of 
the necroptotic signaling pathway, might be an 
effector molecule of death. The N-terminal coiled- 
coil region in MLKL, whose oligomerization is nec- 
essary and sufficient for induction of necroptosis, 
can bind certain lipids. This may suggest that it 
causes death by forming holes in the plasma mem- 
brane (34-36, 67). Other reports suggest, however, 
that MLKL affects cell function and viability by 
association with intracellular membranes and 
specific protein targets (32, 40, 68). Activated 
MLKL molecules also translocate to the nucleus, 
and contain a nuclear localization signal in the 


(a) Mere expression or 
mutational exposure 
of the MLKL coiled-coil 
domain triggers necroptosis 
but has not yet been shown 
to trigger inflammation. 

(b) Knockout and knockdown (b) GSDMD knockout 
of MLKL block induction of 
necroptosis in vitro and 
of some inflammatory 
processes in vivo. 

(c) MLKL seems also to have 
nondeadly functions. Those 
functions might yield 
inflammation in vivo. 


(a) Mere expression of the 
GSDMD N-terminal 
fragment triggers death 
but has not yet been 
shown to trigger 
inflammation. 


abolishes caspase-11— 
mediated pyroptosis and 
decreases caspase-1— 
mediated pyroptosis. 

(c) Generation of the 
GSDMD N-terminal 
fragment by caspase-11 
triggers NLRP3- 
inflammasome-mediated 
generation of inflammatory 
cytokines, apparently 
independently of death. 


C-terminal part. The nuclear translocation occurs 
independently of cell death and might contribute 
to some nondeadly functions (69). MLKL has also 
been reported to mediate activation of the in- 
flammasome in dendritic cells, without any ap- 
parent association with cell death (60) (Fig. 1). 

The recent discovery of the central role of 
GSDMD in pyroptosis has probably made a sim- 
ilar contribution to our state of knowledge of 
the mechanisms of programmed necrosis. There 
are still major gaps in our knowledge of this 
role. The biochemical activity of the caspase- 
generated fragment of GSDMD that induces 
death is unknown. It also seems that signaling for 
pyroptosis is not the only functional consequence 
of GSDMD cleavage, because cells deficient in 
GSDMD also fail to display caspase-11-mediated 
activation of IL-1B and IL-18 through the NLRP3 
inflammasome (52). Besides, although GSDMD 
deficiency prevents induction of pyroptosis via 
caspase-I1, it only partly decreases such induction 
by caspase-l, implying that its role in pyroptotic 
death is not absolute (52). 
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Box 2. Are MLKL and GSDMD the effector molecules in necroptosis and pyroptosis? 


Table 1 summarizes the evidence pointing to MLKL and GSDMD as effectors of programmed 
necrosis, as well as the evidence indicating that, as a consequence, they are potential inducers 
of inflammation. Italic type indicates that the evidence is uncertain or lacking, or might argue 


against the above notions. 


With regard to their effector abilities: Activated MLKL can associate with membranes in cells 
and form pores in artificial membranes, but it is not yet known whether the latter also occurs in 
living cells. Some studies provide evidence that MLKL might also mediate cell death in other ways. 

For GSDMD, as yet, no evidence of a potential effector function of its death-inducing N-terminal 


fragment has been reported. 


Also lacking is evidence that release of DAMPs in response to MLKL or GSDMD indeed yields 
inflammation. Nor is there any in vivo evidence that activation of MLKL alone or expression of 
its N-terminal fragment alone can initiate inflammation. 

Concerning whether the functions of these two proteins are restricted to induction of necrotic 
death or inflammation, there is some evidence that they can serve other, nondeadly functions 


as well. 


It has yet to be determined whether MLKL 


and GSDMD are indeed the actual effector mol- 
ecules in the induction of necroptosis and 
pyroptosis (Table 1 and Box 2). However, the 
knowledge acquired about these molecules has 
undoubtedly brought us closer to identifying such 
effectors, and hence to establishing reliable tools 
for defining the in vivo relevance of programmed 
necrotic cell death. 
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INTRODUCTION: The accurate sequence and 
assembly of genomes is critical to our under- 
standing of evolution and genetic variation. 
Despite advances in short-read sequencing 
technology that have decreased cost and in- 
creased throughput, whole-genome assembly 
of mammalian genomes remains problematic 
because of the presence of repetitive DNA. 


RATIONALE: The goal of this study was to 
sequence and assemble the genome of the 
western lowland gorilla by using primarily 


A Susie, reference sample 
I - a 


single-molecule, real-time (SMRT) sequencing 
technology and a novel assembly algorithm 
that takes advantage of long (>10 kbp) se- 
quence reads. We specifically compare the 
properties of this assembly to gorilla genome 
assemblies that were generated by using more 
routine short sequence read approaches in or- 
der to determine the value and biological im- 
pact of a long-read genome assembly. 


RESULTS: We generated 74.8-fold SMRT whole- 
genome shotgun sequence from peripheral 


B Long-read assembly (Susie3) 


MC | 
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Long-read sequence assembly of the gorilla genome. (A) Susie, a female western lowland 
gorilla, was used as the reference sample for full-genome sequencing and assembly [photograph 
courtesy of Max Block]. (B and C) Treemaps representing the differences in fragmentation of the 
long-read and short-read gorilla genome assemblies. The rectangles are the largest contigs that 
cumulatively make up 300 Mbp (~10%) of the assembly. 
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blood DNA isolated from a western lowland 
gorilla (Gorilla gorilla gorilla) named Susie. We 
applied a string graph assembly algorithm, 
Falcon, and consensus algorithm, Quiver, to 
generate a 3.1-Gbp assembly with a contig N50 
of 9.6 Mbp. Short-read sequence data from an 
additional six gorilla genomes was mapped so 
as to reduce indel errors and improve the ac- 
curacy of the final assembly. We estimate that 
98.9% of the gorilla euchromatin has been as- 
sembled into 1854 sequence contigs. The as- 
sembly represents an improvement in contiguity: 
>800-fold with respect to the published gorilla 
genome assembly and >180-fold with respect 
to a more recently released upgrade of the 
gorilla assembly. Most of the sequence gaps 
are now closed, considerably increasing the 
yield of complete gene models. We estimate 
that 87% of the missing exons and 94% of the 

incomplete genes are re- 
covered. We find that the 
Read the full article Seduence of most full- 
at http://dx.doi. length common repeats 
org/10.1126/ is resolved, with the most 
science.aae0344 significant gains occurring 
for the longest and most 
G+C-rich retrotransposons. Although complex 
regions such as the major histocompatibility 
locus are accurately sequenced and assembled, 
both heterochromatin and large, high-identity 
segmental duplications are not because read 
lengths are insufficiently long to traverse these 
repetitive structures. The long-read assembly 
produces a much finer map of structural var- 
iation down to 50 bp in length, facilitating the 
discovery of thousands of lineage-specific struc- 
tural variant differences that have occurred 
since divergence from the human and chim- 
panzee lineages. This includes the disruption 
of specific genes and loss of predicted regu- 
latory regions between the two species. We 
show that use of the new gorilla genome 
assembly changes estimates of divergence and 
diversity, resulting in subtle but substantial 
effects on previous population genetic infer- 
ences, such as the timing of species bottle- 
necks and changes in the effective population 
size over the course of evolution. 


CONCLUSION: The genome assembly that 
results from using the long-read data pro- 
vides a more complete picture of gene con- 
tent, structural variation, and repeat biology, 
improving population genetic and evolution- 
ary inferences. Long-read sequencing technol- 
ogy now makes it practical for individual 
laboratories to generate high-quality reference 
genomes for complex mammalian genomes. 
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Accurate sequence and assembly of genomes is a critical first step for studies of genetic 
variation. We generated a high-quality assembly of the gorilla genome using single-molecule, 
real-time sequence technology and a string graph de novo assembly algorithm. The new 
assembly improves contiguity by two to three orders of magnitude with respect to previously 
released assemblies, recovering 87% of missing reference exons and incomplete gene models. 
Although regions of large, high-identity segmental duplications remain largely unresolved, this 
comprehensive assembly provides new biological insight into genetic diversity, structural 
variation, gene loss, and representation of repeat structures within the gorilla genome. The 
approach provides a path forward for the routine assembly of mammalian genomes at a level 
approaching that of the current quality of the human genome. 


igh-quality sequence and assembly of ge- 

nomes is a lynchpin to our understanding 

of the genetic diversity and evolution of 

species. The development of massively par- 

allel sequencing technologies has drastically 
reduced the cost and increased the throughput 
of genome sequencing (J, 2). Although these ad- 
vances have enabled sequencing of many more 
species and individuals, assemblies are left in- 
complete and fragmented in large part because 
the underlying sequence reads are too short 
[<200 base pairs (bp)] to traverse complex repeat 
structures (3). This has led to incomplete gene 
models, less accurate representation of repeats, 
and biases in our understanding of genome biol- 
ogy. The published western lowland gorilla geno- 
me assembly, for example, was generated by a 
mix of ABI capillary sequence and whole-genome 
shotgun Illumina short sequencing read pairs (4). 
Although the accuracy is high and many impor- 
tant inferences regarding the evolution of the spec- 
ies could be made, the resulting assembly contains 
more than 400,000 sequence gaps (Table 1) (4). 
Moreover, the use of the human genome to help 
guide the assembly of the gorilla genome created 
an artificially low number of structural rearrange- 
ments (5). The effect of these misassemblies and 
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missing data becomes exacerbated when genomic 
comparisons are made among multiple primate 
genomes. For example, nearly 20% of the human 
genome could not be readily aligned in a four- 
way comparison among apes in large part because 
of the draft nature of nonhuman primate ge- 
nomes (2). The recent development and application 
of long-read sequencing technologies has shown 
considerable promise in improving human genome 
assemblies as well as our understanding of genetic 
variation (3, 6, 7). We applied this long-read se- 
quencing technology to generate an alternate ge- 
nome assembly of the western lowland gorilla. 


SMRT sequence and assembly of the 
gorilla genome 


We generated 74.8-fold whole-genome shotgun 
sequence coverage using a single-molecule, real- 


time (SMRT) sequencing platform from periph- 
eral blood DNA isolated from a western lowland 
gorilla (Gorilla gorilla gorilla) named Susie. All 
data were generated by using P6-C4 sequence 
chemistry from genomic libraries (>20 kbp in 
length), with an average subread length of 12.9 kbp. 
We applied a string graph assembly algorithm, 
Falcon (v.0.3.0), and consensus algorithm, Quiver 
(8), to generate a 3.1-Gbp assembly with a contig 
N50 of 9.6 Mbp (Table 1 and Figs. 1 and 2). Falcon 
leverages error-corrected long “super-reads” to gen- 
erate a string graph representation of the genome 
that is subsequently refined by using a series of 
operations designed to break spurious edges and 
bridge across repetitive regions. The assembly pro- 
duced 16,073 sequence contigs, including 889 con- 
tigs >100 kbp. Compared with a recent diploid 
assembly of ahuman genome (NA12878; N50 = 
906 kbp) (7), the Falcon assembly represents a 
10-fold improvement. We estimate that 98.9% of 
the gorilla euchromatin assembled into 1854 se- 
quence contigs on the basis of alignment to hu- 
man (GRCh38). The contigs were ordered and 
oriented into scaffolds (scaffold N50 = 23.1 Mbp) 
with bacterial artificial chromosome (BAC)- and 
fosmid-end sequences. Sequence analysis reveals 
that most of the smaller contigs (<100 kbp) consist 
of either centromeric or telomeric satellite sequence 
or collapsed segmental duplications (Fig. 1B). Chro- 
mosomal regions with higher segmental dupli- 
cation content tended to be enriched for shorter 
sequence contigs. In fact, we observed a strong 
correlation [correlation coefficient (7) = 0.76] be- 
tween the remaining euchromatic gaps and the 
presence of gorilla or human segmental duplica- 
tions (fig. S15). 

Compared with a previous gorilla genome 
assembly (gorGor3), this assembly represents a 
substantial decrease in assembly fragmentation 
(433,861 versus 16,073 contigs, >96% reduction in 
total contig number) (Fig. 3). Using the N50 con- 
tig length as a metric, we estimate a contiguity 
improvement of >819-fold with respect to the pub- 
lished gorilla genome assembly and >180-fold 
with respect to a more recently released upgrade 
of this Illumina-based assembly (Table 1 and 
table S4). When we aligned our sequence to the 


Table 1. Gorilla assembly statistics. 


Individual 


Scaffold N50 (bp) 


gorGor3* Susie3 


3,035,660,144 


2,718,960,062 


191,556 


913,458 23,141,960 


*Values are taken from previously published gorilla genome paper (4). 
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published gorilla genome reference (gorGor3), 
we closed 94% of the 433,861 gorGor3 gaps (fig. 
$13), resulting in the addition of least 164 Mbp of 
euchromatic sequence. This additional sequence 
dramatically improved gene annotation, includ- 
ing the discovery of thousands of exons and pu- 
tative regulatory elements (Fig. 1C). 

An analysis of the gaps in gorGor3 showed 
that they were enriched 3.8-fold for Alu short 
interspersed nuclear element (SINE) repeats, 
revealing that this G+C-rich primate repeat was 
particularly problematic in the initial gorilla as- 
sembly. Overall, there was a positive correlation 
between gap size and repeat content, especially 
for segmental duplications (three- to fivefold 
enrichment). For example, 10,959 gorGor3 gaps 
were in excess of 2 kbp; of these, 21% (2298) 
mapped to segmental duplications (table S12). 
Although heterochromatic regions could still not 
be resolved in the new gorilla assembly, our anal- 
ysis of the underlying sequence data indicates 
that 10% of the gorilla genome consists of satellite 
repeats (table S15). A 32-bp satellite (pCht7) (9) 
associated with subterminal caps of gorilla chro- 
mosomes was more abundant than o-satellite 
repeats (4.0 versus 2.3%) within the genome se- 
quence data (table S15). In contrast to other apes, 
these data suggest that telomeric-associated het- 
erochromatic repeats are more abundant than 
centromeric repeats in gorilla. 


Quality assessment 


We assessed the quality of the assembly using 
two independent sources of data. First, we used 
paired-end sequence data generated during the 
sequencing and assembly of the first western 
lowland gorilla (Kamilah) to assess the assembly 
integrity. Our analysis showed that 98.6% of the 
new gorilla assembly was supported by concor- 
dant paired-end sequence data generated from 
either large-insert BAC or fosmid gorilla clones 
(table $2). An analysis of aligned high-quality 
Sanger sequence data (54.5 Mbp) revealed high 
sequence identity (99.71%) within the potential 
range of allelic diversity expected among western 
lowland gorillas (JO) (table S10). In order to more 
precisely assess sequencing accuracy, we gener- 
ated and aligned Illumina whole-genome sequence 
data from the same gorilla (Susie) and used se- 
quence differences to estimate an initial error of 
one per 1000 base pairs [quality value (QV) = 30]. 
The most frequent errors observed were a three- 
fold excess of single base pair insertions. We used 
Illumina whole-genome sequence data from Susie 
as well as six additional western lowland gorilla 
genomes (10) to correct these indel errors. Using 
these additional genomes, we created a “pan” go- 
rilla reference genome (Susie3), correcting indel 
errors and identifying the most common single- 
nucleotide polymorphism variants. After error 
correction, we estimate that Susie3 has less than 
one error per 5000 bp (QV > 35) (table $7). 


Comparative analyses between human 
and gorilla genomes 


To determine the potential biological utility of this 
new reference gorilla genome, we measured the 
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increased yield in gene content from gap closures 
in the gorilla reference by identifying human RefSeq 
(11) exons that map within gap regions of gorGor3 
that are closed in Susie3. Using this projection, we 
estimate that 87% (11,105 of 12,754) of the missing 
RefSeq exons are recovered and that 94% of the 
incomplete gorilla genes are resolved for at least 
one isoform in Susie3. More generally, we found 
that an additional 1 to 3% of Illumina RNA- 
sequencing (RNA-seq) data and an additional 6 
to 7% of gorilla ESTs are mapped by standard 
mapping methods to this more complete genome 
assembly (table S13). The assembly also improves 
the contiguous representation of genes predicted 
by human GENCODE (72). Compared with other 
nonhuman primate genomes, Susie3 has far fewer 
assembly errors, making it one of the most com- 
plete primate genomes after human (Fig. 4). We 
found that 88% of protein-coding transcripts 
(GENCODE) have >99% identity against Susie3 
compared with ~55% in gorGor3 (fig. S18). We 


leveraged the new assembly, available RNA-seq 
data, and Augustus TransMap (13-15) alignments 
to define a new set of 45,087 consensus gene mod- 
els for protein-coding transcripts (isoforms from 
19,633 genes) in the gorilla genome. 

The greater sequence contiguity of the genome 
assembly provided an opportunity to compre- 
hensively assess structural variation between 
gorilla and human genomes at a fine-scale res- 
olution, down to ~50 bp. Comparison of the 
gorilla (Susie3) and human (GRCh38) assemblies 
revealed a total of 117,512 insertions and dele- 
tions (92 Mbp) and 697 inversion variants (Table 
2 and table S20). More than 86% of these events 
were previously unidentified (fig. S47) (16, 17), and 
72% of the events were determined to represent 
fixed differences specific to the gorilla lineage. 
Variants ranged in size from small structural 
variants within the coding sequence of genes to 
large, complex, gene-rich structural variant events 
spanning hundreds of kilobase pairs (Fig. 4, C 
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Fig. 1. Gorilla genome assembly. (A) Schematic depicting assembly contig lengths (contig N50 = 9.6 Mbp) 
mapped to human GRCh38 chromosomes. The first two rows of black rectangles represent contigs >3 Mbp, 
the blue rectangles correspond to contigs <3 Mbp, and red rectangles correspond to blocks of 
human/gorilla segmental duplications >100 kbp. (B) Mappability and satellite content of Susie3 
contigs. Satellite content defined by use of RepeatMasker (28) and Tandem Repeats Finder (29). 
Contigs that are unable to map to GRCh38 by using BLASR (colored red) (30) contain a high fraction of 
satellite sequence. (C) Length distribution of gaps in the published gorilla assembly gorGor3 closed by 
Susie3 and containing exons or regulatory regions. Of the gaps in gorGor3, 94% were closed in Susie3, 
with thousands corresponding to missing exons (red) and putative noncoding regulatory DNA (blue). 
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and D). Our analysis also provided a compre- 
hensive catalog of mobile element differences be- 
tween human and gorilla (24.1% of all structural 
variation events). Compared with earlier gorilla 
genome assemblies, we found that the proportion 
of full-length retrotransposons is significantly 
greater for the longest [HERV Kolmogorov-Smirnov 
(KS) P = 0.0016, and PTERVI KS P < 2.2 x 10°") 
and most G+C-rich repeat elements (SVA KS P < 
2.2. x 10") (Fig. 5). PTERV] is particularly nota- 
ble in this regard because its 9- to 10-kbp full- 
length insertions are specific to the gorilla lineage 
(18, 19); we found a 4.8-fold increase in full-length 
elements, with most elements in Susie3 being 
previously unidentified. 

A small fraction (0.3%) of the structural variants 
affect protein-coding genes, including those that 
appear to lead to a likely gene-disruptive event 
in gorilla when compared with human. Because 


such gene-disrupting events may represent poly- 
morphisms or be enriched for errors in a ref- 
erence, we restricted our analysis to previously 
undescribed events that were shared across an 
additional six western lowland gorillas (table S19). 
Using these criteria, we identified 145 structural 
variants (76 deletions and 69 insertions) that 
affect the coding sequence of 110 distinct RefSeq 
genes. Although no single functional gene category 
reached statistical significance for enrichment, 
several of the genic differences between the species 
were associated with sensory perception, keratin 
production, interleukin and cytokine secretion, 
reproduction, immunity, growth, transmembrane 
signaling, and nucleotide binding (table S19). 
We also investigated structural variants that 
affected potential regulatory elements on the basis 
of recent annotations of the human genome 
(ENCODE). We annotated base pair-resolved var- 
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Fig. 2. Gorilla genome ideogram. Schematic depicting assembly contig lengths mapped to gorilla 
chromosomes. The first two rows of black rectangles represent contigs >3 Mbp, the green rectangles 
correspond to contigs >1 Mbp and <3 Mbp, and blue rectangles correspond to contigs <1 Mbp. 
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iants that intersected with deoxyribonuclease I 
hypersensitive (DNase I HS) sites associated 
with open chromatin, histone H3 lysine 4: tri- 
methylation (H3K4me3) marks associated with 
transcriptionally active regions/promoters, and his- 
tone H3 acetylation on lysine 27 (H3K27ac) signals 
associated with enhancers (72). Among the 10,466 
insertions and deletions that intersected regula- 
tory elements, 2151 represented fixed structural 
differences between humans and gorillas (GSVs). 
Similarly, we identified 133 GSVs that affect long 
intergenic noncoding RNA (lincRNA). As expected, 
we observed a significant (2- to 10-fold) deple- 
tion of structural variants intersecting these func- 
tional categories, with the exception of lincRNA. 

We further quantified the spatial correlation 
between GSVs and the regulatory elements by 
comparing their proximity. The midpoints of 
the GSVs overlapped significantly less with the 
protein-coding genes (projection test P = 6.0 x 
10°”) and with fetal DNase I HS sites (projection 
test P = 4.3 x 10°"), which is consistent with the 
action of purifying selection. We observed a modest 
spatial enrichment between GSVs that map with- 
in 50 to 200 bp of putative promoter and en- 
hancer marks (projection test P = 0.041 and 4.1 x 
10°” for H3K4me3 and H3K27ac, respectively). 
This analysis identified 327 protein-coding genes 
within 10 kbp of an H3K4me3 mark that overlaps 
or maps near a GSV (<100 bp) and 672 genes 
that had the same spatial pattern for H3K27ac 
marks. We compared these fixed structural dif- 
ferences within putative regulatory DNA with 
127 genes with differences in RNA expression 
and CTCF binding sites between human and 
gorilla (20). We identified nine genes in which a 
GSV intersected an H3K4me3 or HeK27Ac mark 
(ADAMTSI10, ALDHILI, CDH1, COL5AI, GRK5, 
IGF2BP1, INSR, IQGAP2, and SRC) and eight that 
intersected the 3’ untranslated region or a non- 
coding transcribed exon (AMOTLI, DUSP4, HNFIB, 
ITGB8, SGPP2, TCLIA, ZDHHC19, and ZNF607). 
None of these GSVs affected protein-coding regions 
of these genes, and thus, these fixed differences in 
noncoding regulatory DNA are strong candidates 
to explain the expression differences between the 
species. 

Six inversions were identified that potentially 
disrupt an exon or break within a gene, in ad- 
dition to 206 inversions and microinversions that 
map within introns. Among the insertion and 
deletion events, 15 of the structural variants oc- 
curred in genes that are largely intolerant to mu- 
tation in humans (residual variation intolerance 
score < 20 percentile) (27). This includes inser- 
tions within the insulin-degrading enzyme (JDE) 
and a negative regulator of WNT signaling 
(AXIN1), as well as deletions in a tubulin-specific 
chaperone (7BCD) and an extracellular sulfatase 
(SULF2) associated with cell signaling. Our anal- 
ysis revealed a large number of in-frame dele- 
tions and insertions that result in the addition 
and loss of amino acids and protein domain dif- 
ferences between human and gorilla genes. Al- 
though the impact of these structural variants 
awaits further characterization, the greater reso- 
lution of structural variants provides a large number 
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Table 2. Gorilla genome structural variants. Contigs greater than 200 kbp were mapped to GRCh38 by using BLASR (30). Nonrepetitive sequences 
contained at most 70% of sequence annotated as repeat by RepeatMasker (3.3.0) (28) or Tandem Repeats Finder 4.07b (29). Mosaic repeats are 
defined as one or more different repeat annotations; however, mosaic structural variants composed solely of Alu are listed separately because of 
their frequency. 


Insertion Deletion 
Standard Standard 
Average deviation Average deviation 
Repeat length length length length 
element Count Fixed (bp) (bp) Total bases Count Fixed (bp) (bp) Total bases 


Complex, repetitive 2716.96 20,518,484 2757.39 2906.61 


159,036 


587,147 


526,192 


458,717 
2,703,261 
265,130 
Not base-pair resolved” ai “N/” 49,496” “Ba817.46~ “2000323 tN Bg 43.4963, 4,208" 
Total 58,621 44,653 789.54 2183.43 46,283,738 58,891 40,482 775.55 2804.21 45,672,675 
1200 1000x larger . statistics, the MHC region in gorGor3 has 
168 gaps that are filled in Susie3, eight of which 
{000 <— Illumina and Sanger sequencing —> <— PacBio sequencing —» mapped within 100 bp of 27 distinct genes (hu- 
man RefSeq). 
To verify the organization of the HLA region 
me in Susie3, we sequenced a tiling path of BACs 
Number derived from another gorilla, Kamilah, who pre- 
of Bases 600 viously contributed to the published gorGor3 as- 
(millions) sembly (table S6). We generated two high-quality, 
400 clone-based sequence haplotypes for the region 
(MHC haplotype 1, 863,324 bp; MHC haplotype 
sen 2, 289,560 bp). Both Kamilah MHC haplotypes 
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Fig. 3. Comparison of gorilla genome assemblies. The contig length distribution for the resulting long- 
read assembly (Susie3) is 2 to 3 orders of magnitude larger when compared with previous gorilla genome 
assemblies (gorGor3 and gorGor4) that were generated by using Illumina and Sanger sequencing technology. 


of likely high-impact species differences for fu- 
ture investigation. 


Sequence and assembly of the major 
histocompatibility locus 


As a test of the enhanced structural variation 
detection and its potential biomedical relevance, 
we compared the organization of the major histo- 
compatibility complex (MHC) II locus between 
gorilla and human (GRCh37). MHC encodes genes 
that are critical for antigen presentation on im- 
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mune cells, and its content and structure are 
known to differ radically between closely related 
primates (22). We found that segmental duplica- 
tion has expanded the locus in gorilla relative to 
human so that in the assembly, there are 79,166 
(~10%) duplicated base pairs, compared with 
53,084 bp (~8%) in human. We identified three 
large gorilla insertions across the ~1 Mbp region 
(15, 48, and 52 kbp) that correspond to 14% of 
the locus (Fig. 4C), including several previously 
unidentified MHC genes. In terms of assembly 


mapped with higher sequence identity to Susie3 
(99.6 and 99.9%) than gorGor3 (98.1 and 98.9%), 
which is consistent with assembly improvements 
for this complex region of the genome. 


Population genetic inferences based on 
the new assembly 


Last, we assessed whether the new gorilla ge- 
nome assembly would have any influence on pre- 
vious population genetic inferences as a result 
of potential changes in estimates of divergence 
and diversity. Although the difference was subtle, 
we found that human versus gorilla sequence 
alignments were significantly less divergent (P < 
2.2 x 10°; Welch two-sample t test) with Susie3 
(1.60% divergent) when compared with the pub- 
lished gorilla assembly (1.65% divergent) (Fig. 6). 
Both regional and chromosomal analyses showed 
that the different estimates of gorilla-human di- 
vergence were nonrandomly distributed. In par- 
ticular, we observed that specific gene-rich regions 
and chromosomes (such as chromosomes 19 and 
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Fig. 4. Gene annotation and structural variation. (A) Proportion of GENCODE 
transcripts with assembly errors when aligned with gorilla assemblies Susie3 
and gorGor3, and three reference assemblies, including orangutan (ponAbe2), 
chimpanzee (panTro4), and squirrel monkey (saiBoll). Examples of assembly 
errors include transcript mappings extending off the end of contigs/scaffolds, 
containing unknown bases, or incomplete transcript mapping. (B) An example 
of a gene, otoancorin (OTOA), with complete exon representation (red ticks) 
resolved in the new assembly. Red bars on gorGor3 sequence indicate gaps in 
the assembly. Alignments between gorilla assemblies are based on Miropeats 
(31). (C) Alignment of MHC Class II locus in Susie3 against GRCh37 with 
Miropeats. Alignment identities of collinear blocks between assemblies are shown 
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above the corresponding GRCh37 sequence. Repeats internal to Susie3 are 
shown in red along the coordinates. Alignment identity across the entire locus 
is shown below the Susie3 contigs in 5-kbp windows (1 kbp sliding). Support 
for the proper organization of the Susie3 sequence is shown by the tiling 
path of concordant BAC end sequences from the Kamilah BAC library (CHORI- 
277). (D) A sequence-resolved complex gorilla genome structural variation 
orthologous to human chromosome 19:38,867,213-39,866,620 (GRCh38). 
The dot-matrix plot shows a 125,375-bp inversion flanked by a proximal 16-kbp 
deletion and 8-kbp insertion, and a 23-kbp distal deletion. The deletions re- 
move the entire sequences of the SELV and CLC genes in gorilla when com- 
pared with human. 


22) showed the largest difference between the 
two assemblies (fig. S61B). We found a strong 
correlation with the difference in divergence 
and regions enriched for Alu and G+C content 
(r = -0.60; Pearson’s, P < 0.001) (Fig. 6B), suggesting 
that mismapping, collapse, or underrepresenta- 
tion within these regions of the Illumina-based 
assemblies may be contributing to this excess 
of divergence (Fig. 6B). 

We also assessed the effect of the new assembly 
on estimates of diversity by comparing the pattern 
of single-nucleotide variants for six western low- 
land gorillas against Susie3 and gorGor3. Although 
a greater fraction of the Illumina paired-end reads 
mapped with higher mapping quality to Susie3 
(table S8), we observed a higher ratio of heter- 
ozygous genotypes in gorGor3 (mean, 0.35) as 
compared with Susie3 (mean, 0.33). Next, we 
examined the average observed heterozygosity 
across both assemblies in 100-kbp windows (fig. 
S62). The largest difference in observed hetero- 
zygosity between the assemblies was on the X 
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chromosome, in which the average gorGors3 heter- 
ozygosity was 0.27 versus 0.23 in Susie3. 

It is likely that the increased gorGor3 het- 
erozygosity is due to mapping errors owing to 
fewer reads successfully mapping (gorGor3 has 
more than 400,000 gaps, many of which contain 
repetitive sequences). Mapping software errs on 
the side of sensitivity, meaning reads derived 
from underrepresented regions may be incorrectly 
placed. To test this idea, we identified the reads 
(including mate-pairs) from Coco, a female gorilla, 
corresponding to heterozygous positions in gorGor3 
and remapped them to both gorGor3 and Susie3. 
We found that only 87% of the heterozygous calls 
in gorGors resulted in heterozygous calls in Susie3 
(table S33). The “lost” heterozygous genotypes 
correspond to regions with lower Illumina read 
depth as compared with that of gorGor3, supporting 
the notion that mapping error is likely inflating 
heterozygosity in the original assembly (fig. S63). 

Accurate estimates of population histories are 
important for understanding how climate change, 


disease, and human activity shaped the genetic 
diversity within western lowland gorillas. Such 
estimates are critically dependent on genetic 
measures such as heterozygosity. We fit a pairwise 
sequentially Markovian coalescent (PSMC) mod- 
el to Illumina data from four western lowland 
gorillas mapped against Susie3 and gorGors (Fig. 
6). Comparing the two assemblies, we observed 
two statistically significant differences in the pre- 
dicted effective population size of the gorilla spe- 
cies at ~50 thousand years ago (ka) and ~5 million 
years ago (ma) (Fig. 6). The effects occur in oppo- 
site directions. We observed a significant decrease 
in the effective population size at more ancient 
time periods (P < 0.0001; Welch two-sample ¢ test), 
possibly because of a greater fraction of repetitive 
sequence and segmental duplications being re- 
solved in Susie3. In contrast, use of Susie3 as a 
reference predicts a significantly greater effec- 
tive population size at 50 ka (P < 0.0001; Welch 
two-sample ¢ test). Our results suggest that the 
most recent bottleneck of the western lowland 
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y axis values indicate increased human-Susie3 divergence relative to human-gorGor3. The increased 
divergence of human-gorGor3 correlates with Alu content (slope, —0.0044094; intercept, 0.0001486; 
Pearson's correlation, —-0.60). (C) The effective population size (N.) shown over time. A PSMC model was 
applied to the western lowland gorilla based on different genome assemblies. Illumina genome sequence 
data from western lowland gorillas (Abe, Amani, Coco, Tzambo) was mapped against gorGor3 (green) 
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mutation rate = 1.25 x 107°: generation time = 19 years). There are 100 bootstrap replicates for each 
gorilla and model. (D) The distribution of the bootstrap intervals that overlap 50 ka and 5 ma. At 50 ka, 
Susie3 estimates of the effective population size are significantly higher than that for gorGor3; the inverse 
pattern is true for 5 ma. All differences between Susie3 and gorGor3 are significant (***P < 0.0001; Welch 
two-sample t test). 


aae0344-6 1 APRIL 2016 - VOL 352 ISSUE 6281 


HEX HEE HEH HHH 
e 


7 is 


| 


te HEH HEE ee 
e 


sciencemag.org SCIENCE 


RESEARCH | RESEARCH ARTICLE 


gorilla may have been underestimated by a factor 
of ~1.5, highlighting the importance of using 
higher-quality assemblies when fitting demo- 
graphic models. 

Our results demonstrate the utility of long- 
read sequence technology to generate high-quality 
working draft genomes of complex vertebrate 
genomes without guidance from preexisting ref- 
erence genomes. Comparisons against recent 
published human genomes that used alternate 
assemblers indicate that Falcon provides superior 
performance with respect to assembled contig 
length, repeat resolution, and computational time 
(6, 7). The genome assembly that results from 
using the long-read data provides a more complete 
picture of gene content, structural variation, and 
repeat biology as well as allows us to refine 
population genetic and evolutionary inferences. 
Notwithstanding the dramatic improvements to 
the sequence contiguity of euchromatin, gaps still 
remain. Our analysis suggests that both hetero- 
chromatin and large, high-identity segmental dup- 
lications remain largely unresolved because read 
lengths are insufficiently long to traverse these 
repetitive structures (Fig. 1C). Although all long- 
read assembly algorithms should still be con- 
sidered work in progress, it is clear that both 
sequencing and computational technologies have 
now advanced to a stage that allows individual 
laboratories to generate high-quality mammalian 
genomes with vastly higher contiguity of the eu- 
chromatin. This capability promises to revolu- 
tionize our understanding of genome evolution 
and species biology. 


Materials and methods 


High-quality DNA was extracted (Qiagen Puregene 
kit, Valencia, CA) from peripheral blood drawn 
from a captive female western lowland gorilla 
(Susie) from the Lincoln Park Zoo (Chicago, IL). We 
generated SMRTbell genomic libraries (>20 kbp 
in length) and SMRT sequence data (P6C4 chem- 
istry, RSII platform) with average subread lengths 
of 12.9 kbp. A gorilla genome assembly, Susie3, 
was generated by using Falcon (v0.3.0) (https:// 
github.com/PacificBiosciences/FALCON-integrate). 
The Falcon assembly method operates in two 
phases: First, overlapping sequence reads are 
compared [DALIGNER (23)] to generate 97 to 99% 
accurate consensus sequences for reads with lengths 
in the top percentile (>15 kbp). Next, overlaps be- 
tween the corrected longer reads are used to 
generate a string graph (24). The graph is reduced 
so that multiple edges formed by heterozygous 
structural variation are replaced to represent a 
single haplotype. Contigs are formed by using the 
sequences of nonbranching paths. Two supple- 
mental graph cleanup operations are defined so 
as to improve assembly quality by removing spu- 
rious edges from the string graph: tip removal 
(25) and chimeric duplication edge removal. Tip 
removal discards sequences with errors that pre- 
vent 5’ or 3’ overlaps. Chimeric duplication edges 
may result from the raw sequence information or 
during the first sequence cleanup step and artifi- 
cially increase the copy number of a duplication. 
Indel errors in the assembly were corrected by 
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aligning Illumina (HiSEq. 2500 and NextSeq) 
sequence data generated from six additional west- 
ern lowland gorillas (10), including 14-fold sequence 
data generated from the new gorilla reference 
genome (Susie). Consensus gene models were built 
with Augustus (13) by use of TransMap (/4, 15) 
alignments of GENCODE transcripts to Susie3 
and previously published RNA-seq data (26, 27). 
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INTRODUCTION: Cells respond to their en- 
vironment, make decisions, build structures, 
and coordinate tasks. Underlying these processes 
are computational operations performed by 
networks of regulatory proteins that integrate 

signals and control the 
timing of gene expression. 
Read the full article Harnessing this capability 
at http://dx.doi. is critical for biotechnolo- 
org/10.1126/ gy projects that require 
science.aac/341 decision-making, control, 

sensing, or spatial organi- 
zation. It has been shown that cells can be 
programmed using synthetic genetic circuits 
composed of regulators organized to generate 
a desired operation. However, the construc- 
tion of even simple circuits is time-intensive 
and unreliable. 


RATIONALE: Electronic design automation 
(EDA) was developed to aid engineers in the 
design of semiconductor-based electronics. In 
an effort to accelerate genetic circuit design, 
we applied principles from EDA to enable in- 
creased circuit complexity and to simplify the 


Cello design specification 


Sensors 

name low high| promoter sequence 
A 0.003 2.8 AACGATCGTTGGCTGTGTTGACAATT 
B 0.001 4.4 TACTCCACCGTTGGCTTTT 
C 0.008 2.5 ACTTTTCATACTCCCGCCA’ 


Verilog 
module OxF6(output out, input A,B,C); 


always@ (C,B,A) 
begin 
case ({C,B,A}) 
3'b000: {out} 
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endmodule 


Actuators 
name sequence 
YFP. ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGT 
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User Constraint File (UCF) 


+ Species and strain genotype 
+ Physical implementation 

+ Genetic and logic constraints 
+ Operating conditions 

+ Gate technology 


incorporation of synthetic gene regulation into 
genetic engineering projects. We used the hard- 
ware description language Verilog to enable a 
user to describe a circuit function. The user also 
specifies the sensors, actuators, and “user con- 
straints file” (UCF), which defines the organism, 
gate technology, and valid operating conditions. 
Cello (www.cellocad.org) uses this information 
to automatically design a DNA sequence encod- 
ing the desired circuit. This is done via a set of 
algorithms that parse the Verilog text, create the 
circuit diagram, assign gates, balance constraints 
to build the DNA, and simulate performance. 


RESULTS: Cello designs circuits by drawing 
upon a library of Boolean logic gates. Here, the 
gate technology consists of NOT/NOR logic 
based on repressors. Gate connection is sim- 
plified by defining the input and output signals 
as RNA polymerase (RNAP) fluxes. We found 
that the gates need to be insulated from their 
genetic context to function reliably in the con- 
text of different circuits. Each gate is isolated 
using strong terminators to block RNAP leak- 
age, and input interchangeability is improved 
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using ribozymes and promoter spacers. These 
parts are varied for each gate to avoid breakage 
due to recombination. Measuring the load of each 
gate and incorporating this into the optimiza- 
tion algorithms further reduces evolutionary 
pressure. 

Cello was applied to the design of 60 circuits 
for Escherichia coli, where the circuit function 
was specified using Verilog code and transformed 
to a DNA sequence. The DNA sequences were 
built as specified with no additional tuning, 
requiring 880,000 base pairs of DNA assembly. 
Of these, 45 circuits performed correctly in 
every output state (up to 10 regulators and 55 
parts). Across all circuits, 92% of the 412 out- 
put states functioned as predicted. 


CONCLUSION: Our work constitutes a hard- 
ware description language for programming 
living cells. This required the co-development 
of design algorithms with gates that are suf- 
ficiently simple and robust to be connected by 
automated algorithms. We demonstrate that 
engineering principles can be applied to iden- 
tify and suppress errors that complicate the 
compositions of larger systems. This approach 
leads to highly repetitive and modular genet- 
ics, in stark contrast to the encoding of natural 
regulatory networks. The use of a hardware- 
independent language and the creation of ad- 
ditional UCFs will allow a single design to be 
transformed into DNA for different organisms, 
genetic endpoints, operating conditions, and 
gate technologies. 


The list of author affiliations is available in the full article online. 
*Corresponding author. E-mail: cavoigt@gmail.com 
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Genetic programming using Cello. A user specifies the desired circuit function in Verilog code, and this is transformed into a DNA sequence. 
An example circuit is shown (OxF6); red and blue curves are predicted output states for populations of cells, and solid black distributions are 
experimental flow cytometry data. The outputs are shown for all combinations of sensor states; plus and minus signs indicate the presence or 
absence of input signal. RBS, ribosome binding site; RPU, relative promoter unit; YFP, yellow fluorescent protein. 
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Computation can be performed in living cells by DNA-encoded circuits that process 
sensory information and control biological functions. Their construction is time-intensive, 
requiring manual part assembly and balancing of regulator expression. We describe a 
design environment, Cello, in which a user writes Verilog code that is automatically 
transformed into a DNA sequence. Algorithms build a circuit diagram, assign and connect 
gates, and simulate performance. Reliable circuit design requires the insulation of gates 
from genetic context, so that they function identically when used in different circuits. We 
used Cello to design 60 circuits for Escherichia coli (880,000 base pairs of DNA), for which 
each DNA sequence was built as predicted by the software with no additional tuning. 

Of these, 45 circuits performed correctly in every output state (up to 10 regulators and 
55 parts), and across all circuits 92% of the output states functioned as predicted. Design 
automation simplifies the incorporation of genetic circuits into biotechnology projects 
that require decision-making, control, sensing, or spatial organization. 


lectronic design automation (EDA) software 

tools aid engineers in the design and analy- 

sis of semiconductor-based electronics. Prior 

to EDA, integrated circuit design was a 

manual process performed by hand. This 
was accelerated by the development of hardware 
description languages (e.g., Verilog) that enabled 
a user to design an electronic system through tex- 
tual commands that are transformed into a circuit 
patterned on silicon. We applied this approach to 
genetic circuits, so that a Verilog design is trans- 
formed into a linear DNA sequence that can be 
constructed and run in living cells. The design 
environment, referred to as Cello (an abbreviation 
of Cellular Logic), implements algorithms that 
derive the detailed physical design from the tex- 
tual specification (Fig. 1). Cello requires genetic 
logic gates that are sufficiently modular and 
reliable such that their interconnection can be 
automated. 

Moving computing into cells enables program- 
mable control over biological functions (7-5). 
This is crucial for fully realizing the potential of 
engineering biology, where applications require 
that different sets of genes be active under differ- 
ent conditions (6-9). Cells are naturally able to 
respond to their environment, make decisions, 
construct intricate structures, and coordinate to 
distribute tasks. These functions are controlled 
by a regulatory network of interacting proteins, 
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RNA, and DNA. Patterns of such interactions gen- 
erate computational operations analogous to those 
used in electronic circuits (J0-J4), and regulators 
can be combined to build synthetic genetic cir- 
cuits (15-18). This approach has led to digital logic 
gates (19-24), memory devices (25-29), analog com- 
putation (30), and dynamic circuits (e.g., timers and 
oscillators) (15, 16, 31-33). These have begun to 
be integrated into biotechnological applications 
(34, 35)—for example, to implement feedback con- 
trol in a metabolic pathway (36). However, the con- 
struction of simple circuits consisting of only a few 
regulators remains a time-consuming task, and 
this has limited their widespread implementation. 
Genetic circuit design is challenging for sev- 
eral reasons (37, 38). First, circuits require precise 
balancing of regulator expression (22, 39). Second, 
many parts are combined to build a circuit and 
their function can vary depending on genetic con- 
text, strain, and growth conditions (40-46). Third, 
circuits are defined by many states (their response 
to different inputs or how they change over time), 
and this can be cumbersome to characterize 
(15, 47-49). Finally, many regulators are toxic when 
overexpressed, and even mild effects can com- 
bine to drive negative selection against the cir- 
cuit (50). Balancing these issues is difficult to do 
by hand. Thus, computational tools have been 
developed for the study of natural networks and 
to aid circuit design by predicting how parts or 
devices will perform when connected (57-58). 
We developed Cello to accelerate circuit design, 
allow increased complexity of circuits, and enable 
non-experts to incorporate synthetic gene regu- 
lation into genetic engineering projects (Fig. 1). 
The focus is on the design of a circuit that per- 
forms a desired computational operation, which 
connects to cell-based sensors and cellular func- 
tions (actuators). A user provides three specifi- 


cations to Cello. The first are the DNA sequences 
for the sensors: the sequences of their output 
promoters and data for their ON/OFF signal 
strengths in standardized units (see below) (59). 
The second is the “user constraints file” (UCF), 
which contains the functional details of the gate 
library, the layout of the genetic system, the 
organism and strain, and the operating condi- 
tions for which the circuit design is valid. The 
third is Verilog code that captures the desired com- 
putational operation. Cello uses this information 
to automatically design a DNA sequence encod- 
ing the desired genetic circuit by connecting a set 
of simpler gates that implement Boolean logic to 
the sensors and each other. The output of the 
circuit can be connected to cellular processes by 
directing the output promoter to control a cel- 
lular function (e.g., a metabolic pathway), either 
directly or through an intermediate (e.g., a phage 
RNA polymerase) (60, 67). The sensors, circuit, 
and actuator are inserted into specific genetic 
locations and transformed into a strain, both of 
which are defined in the UCF (Fig. 1B). 

Cello builds circuits by connecting transcrip- 
tional gates, whose common signal carrier is RNA 
polymerase (RNAP) flux on DNA (62). This con- 
version allows gates to be layered by having the 
output promoter from one gate serve as the in- 
put to the next. This modularizes the design, so 
that a circuit is defined by a pattern of promoters 
in front of regulators on a linear DNA strand 
(Fig. 2A). Within this paradigm, the regulators per- 
forming the gate biochemistry could be transcrip- 
tion factors (21, 63), RNA-based regulation (64-66), 
protein-protein interactions (19, 67), CRISPR/ 
Cas-based regulation (68-71), or recombinases 
(25, 26, 72). 

We developed a set of insulated NOT and NOR 
gates based on prokaryotic repressors (27). These 
repressor-based gates were characterized in iso- 
lation as NOT gates. To facilitate the connection 
of gates and sensors, we adopted the BBa_J23101 
constitutive promoter as a standard (59). The 
output of an insulated version of this promoter 
(73) is defined as 1 RPU (relative promoter unit); 
working with National Institute of Standards and 
Technology (NIST) collaborators, this output was 
measured to correspond to 24.7 + 5.7 mRNAs per 
cell, which is approximately 0.02 RNAP s” pro- 
moter’ (fig. S33). These data were used by Cello 
to automatically generate a large set of circuits. 
The sequences were built as specified by the soft- 
ware output with no additional tuning, which 
facilitates the iterative improvement of the quality 
of the gates and design rules. 


Cello design environment 


Verilog is a commonly used hardware descrip- 
tion language for electronic system design (74). It 
is hardware-independent, meaning that a circuit 
can be described by abstract textual commands 
and then transformed into different physical im- 
plementations (i.e., chip types). Verilog is often 
accompanied by a simulation package that aids 
the evaluation of a design in silico before build- 
ing the system. Verilog code has a hierarchical or- 
ganization centered on modules that communicate 
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through wires to propagate signals. In our imple- 
mentation, circuit function can be defined by 
Case, Assign, or Structural statements within 
modules (fig. S23). Initially, our focus with Cello 
is on the creation of asynchronous combinational 
logic without feedback. This is useful in the design 
of genetic circuits that can process multiple en- 
vironmental sensors in order to choose among 
different cellular functions. However, Verilog pro- 
vides the framework to extend the designs to in- 
clude more complex circuits, including those with 
specified timing and signal strengths as well as 
analog (Verilog-AMS) functions. 

The philosophy behind Cello is to generate cir- 
cuits for highly specified physical systems and 
operating conditions. This paradigm is captured 
by the UCF, which specifies (i) the gate technol- 
ogy, including DNA sequences and functional 
data; (ii) defined physical locations for the circuit 
(e.g., plasmid or genomic locus); (iii) the organism, 
strain, and genotype; (iv) operating conditions 
where the circuit design is valid; (v) architectural 
rules to constrain the part arrangement; and (vi) 
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ification for the EcolC1G1T1 UCF. The circuit and sensors are inserted into one plasmid; the 


other plasmid contains the circuit output promoter, which can be used to drive the expression of 
a fluorescent protein or other actuator. Both plasmids must be present in the specified strain for 


the design to be valid. 


preferred logic motifs to be incorporated during 
logic synthesis. 

The UCF follows the JSON (JavaScript Object 
Notation) standard (75), which is both human- 
and machine-readable and is convertible with 
SBOL (Synthetic Biology Open Language) (76). We 
developed the Eco1C1G1T1 UCF (data file S1) for 
E. coli (NEB 10-beta) and gate technology based 
on a set of 12 prokaryotic repressors (2). The de- 
velopment of additional UCFs would enable a 
circuit design to be transferred to other organisms, 
conditions, or gate technologies. 

When a user selects a UCF and synthesizes a 
circuit from Verilog code, the corresponding DNA 
sequence is designed in three steps (Fig. 1). First, 
the textual commands are converted to a circuit 
diagram. Algorithms parse the Verilog code and 
derive a truth table (fig. S23), which is converted 
to an initial circuit diagram by the logic synthesis 
program ABC (77) and subsequently modified to 
only contain logic operations for gates available in 
the UCF (fig. S25). The second step is to assign 
specific regulators to each gate in the diagram. 


Functionally connecting gates requires that the 
outputs from the first gate span the input thres- 
hold of the second gate (Fig. 2B). Because gates 
based on different regulators have different re- 
sponse functions, not all pairs can be function- 
ally connected (Fig. 2C). Identifying the optimal 
assignment is an NP-complete problem (Fig. 2D) 
(78-81). We implemented a Monte Carlo simu- 
lated annealing algorithm to rapidly identify an 
assignment that produces the desired response 
(Fig. 2E and fig. S28). The third step is to create 
the linear DNA sequence based on the circuit 
diagram and gate assignment. The assignment is 
converted into a set of parts and constraints be- 
tween the parts [written with the Eugene language 
(82)]. The UCF can also include additional con- 
straints on the genetic architecture—for exam- 
ple, to forbid a particular combination of parts. A 
combinatorial design algorithm (83) is used to 
build a genetic construct that conforms to the 
constraints (fig. S29). This allows a user to design 
multiple constructs containing the same circuit 
function and genetic constraints while varying 
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Fig. 2. Assignment of genetic gates to the circuit diagram. (A) A set of 
four gates based on different repressors (colors) connected in various per- 
mutations to build different circuit functions. The inputs (A, B, and C) are 
sensor input promoters; the circuit output promoter (X) controls the ac- 
tuating gene. (B) The shapes of the gate response functions determine 
whether they can be functionally connected. The orange gate (PhIF) has a 
large dynamic range (dashed lines) that spans the threshold of the purple 
gate (Betl). However, in the reverse order, the gates do not functionally con- 
nect. (©) Combinatorial relations of repressors from the insulated gate library 
are shown in the upstream (gate A) and downstream (gate B) positions. Color 
scale at right indicates relative change (normalized), calculated as the max- 
imum output range that can be achieved by connecting gate A to gate B. 
Numbers denote different RBSs. The left and right graphs show when gate 
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A regulates position 1 and position 2, respectively. Gates that are excluded 
from position 2 because of roadblocking are shown in black (fig. S9). (D) The 
probability of finding a functional circuit versus the number of logic gates. The 
probability of a functional circuit is defined as the likelihood that a random 
assignment passes input threshold analysis (fig. S31) and has no roadblocking 
combinations. (E) The convergence of the simulated annealing gate assign- 
ment algorithm (fig. S28). Bar graph insets: Black bars should be ON, gray bars 
should be OFF; the y axis is the output in RPU on a log scale, and the x axis is 
the input state (from left to right: OOO, O01, 010, O11, 110, 101, 110, 111). The 
circuit score (S) is defined as the ratio of the lowest predicted ON state to the 
highest predicted OFF state (fig. S26 and eq. S2). An example search is shown 
for the circuit diagram in the insets; colors correspond to repressors assigned 
to each gate (Fig. 3B). 


unconstrained design elements to build a library 
that can be screened. 

Cello then simulates the performance of the 
genetic circuit. When flow cytometry data are pro- 
vided in the UCF for the gates, this provides the 
cell-to-cell variation in the response for a pop- 
ulation of cells. We developed a computational 
approach to quantify how population variability 
propagates from the sensors through the gates to 
the output promoters (fig. S30). Cello applies a 
simple algorithm to determine how signals prop- 
agate from the sensors through the gates to the 
output promoters. This generates predicted cytom- 
etry distribution for all combinations of input states, 
which can be directly compared to experiments. Fi- 
nally, for each gate, the load on the cell for carrying 
the gates is estimated on the basis of their impact 
on growth [percent reduction of optical density 
at 600 nm (ODg¢oo)] as a function of the activity of 
the input promoter (84). For any combination of 
inputs, if the predicted growth reduction exceeds 
a threshold, this information can guide multi- 
objective circuit optimization or be provided as 
a warning to the user (fig. $27). 


Initial gate assembly and failure modes 


We constructed a gate library based on a set of 16 
Tet repressor (TetR) homologs that are orthog- 
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onal; that is, they do not bind to each other’s pro- 
moters (27). These can be converted into simple 
NOT/NOR gates by having the input promoter(s) 
drive the expression of the repressor, after which 
there is a terminator and output promoter. Be- 
cause of a lack of strong terminators when these 
gates were built, the same terminator (BBa_BO015) 
was reused for each one. Each repressor had a 
different ribosome binding site (RBS), chosen to 
maximize the dynamic range. 

These gates could be connected to form simple 
functional circuits; however, in each case addi- 
tional tuning was required and the dynamic range 
of the output was low (27). We tested the ability 
of the response functions of the gates to predict 
circuit behavior as a whole with no additional 
tuning. We designed a set of eight simple circuits 
from these gates that required between one and 
four repressors (Fig. 3A) (84). Nearly all of the cir- 
cuits generated an incorrect response. Only the (A 
NIMPLY B) gate functioned properly, and six of 
eight circuits had their output states either all OFF 
or all ON for every input condition. Across all the 
circuits, 13 of 32 output states were correct, which 
is comparable to what would be expected from a 
process that generates random outputs. 

We used this test set to determine common 
causes for circuit failure (figs. S6 to S10). When 


paired with different promoters, gates often gen- 
erated an unpredictable response, and this was 
apparent even for circuits based on a single re- 
pressor (42). The promoters generated transcripts 
with different 5’-untranslated regions (5'UTRs), 
which can strongly influence gene expression 
(40, 85). A second problem was that some pro- 
moters in the downstream “position 2” of a NOR 
gate (Fig. 2C) can reduce transcription from the 
upstream promoter, a phenomenon we refer to 
as “roadblocking.” Third, some circuits had growth 
defects, which were caused by repressors that be- 
come toxic when expressed past a threshold (Fig. 
3D). Fourth, several circuits were genetically un- 
stable because of homologous recombination of 
parts reused in the same circuit (86, 87). 


Insulated gates 


A second generation of gates was constructed to 
address the observed failure modes (Fig. 3B). 
Changes took two forms: (i) New parts were added 
to gates to insulate them from genetic context, and 
Gi) rules were included in the UCF that disallow 
certain parts, positions, and part combinations that 
lead to unpredictable behavior. Transcriptional 
insulation was achieved for gates by adding a dif- 
ferent strong terminator with sufficiently diverse 
sequences to avoid homologous recombination 
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(table S2) (87). The output promoters were also 
insulated on both sides from changes to their up- 
stream and downstream context. Insulators consist- 
ing of a hammerhead ribozyme and downstream 
hairpin (RiboJ) ensure that a promoter generates 
the same response function irrespective of the 
downstream gene (42). As with the terminators, 
to avoid recombination we had to create a library 
of RiboJ variants that are functionally identical 
but sequence-diverse so that each gate had a unique 
insulator sequence (fig. S3 and table S1). To in- 
sulate the promoter from the upstream sequence, 
we added 15 nucleotides (nt) of randomly gener- 
ated DNA to extend the promoters to -50 so as to 
include regions with an impact on strength (table 
S8) (88). Finally, the propensity for repressible 
promoters to roadblock was measured (fig. S9) 
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and these data were used to create Eugene rules 
in the UCF that disallow these promoters from 
position 2 in NOR gates (Fig. 2C). 

The response functions were then experimen- 
tally measured for all the gates (Fig. 3C, fig. S4, 
and table S4). Several of the first-version gates 
had response functions that were difficult to con- 
nect functionally to sensors or other gates (Fig. 
2B). To increase the likelihood of finding a con- 
nection, we made versions of the gates with dif- 
ferent RBSs that shift the response threshold 
(table S3). The growth impact of each gate was 
then measured as a function of the input pro- 
moter activity to determine whether there is a 
toxicity threshold that should be avoided (Fig. 3D 
and fig. S10). To eliminate toxic or cross-reacting 
repressors, we reduced the original set of 16 TetR 


homologs to 12. Only four of these caused a 
growth defect at high inputs, and this could be 
avoided by the assignment algorithm (fig. $27). 

The eight simple circuits were redesigned with 
the new gate library (84). The sequences were con- 
structed as designed, with no post-design tuning. 
All of the circuits functioned correctly, correspond- 
ing to a total of 32/32 correct output states (Fig. 3A). 


Circuit design automation using Cello 


Cello was used to design a large set of 52 addi- 
tional circuits based on the insulated gates (Fig. 4) 
(84). These circuits include a Priority Detector 
(that prioritizes the inputs and selects which out- 
put is ON based on the highest-priority input that 
is ON), well-known functions (e.g., a multiplexer), 
and logic underlying cellular automaton pattern 
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Fig. 4. Automated design of circuits by Cello. (A) An example of the code coding sequences, and terminators), plus eight parts for the sensor block and 
along with the input states (in RPU) is shown for the Priority Detector circuit. two parts for the plasmid backbones. Inputs correspond to the absence or 
All circuits designed by Cello that had correct output states are shown along presence of 1 mM IPTG, aTc (2 ng/ml), and 5 mM L-arabinose (Ara). Replicates 


with their genetic schematics, output predictions, and experimental measure- 
ments. The inputs A, B, and C correspond to the Prac, Pret, and Peap sensor 
promoter activities; their corresponding regulators (Lacl, TetR, and AraC*) are 
not shown in the schematics. The outputs (X, Y, and Z) correspond to YFP 
driven from output promoters in separate experiments. Solid black distribu- 
tions are experimental data; blue and red line distributions are computational 
predictions from Cello (fig. S30). The number of parts for each circuit includes 
all functional DNA parts in the circuit (promoters, ribozymes, RBSs, protein- 
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are provided in fig. S19. The DNA sequence for each circuit is provided in data 
file S2. When the circuit does not have a common name (e.g., Priority De- 
tector), a hexadecimal naming system is used [e.g., Ox41 (84)]. The names 
starting with “Rule” refer to Wolfram’s cellular automaton convention (89). 
(B) Time-course data are included for two circuits. The circuits are maintained 
in the —/—/— state for 3 hours before induction and then switched to the other 
eight possible states at time = O hours (84). Error bars are one SD of RPU 
median performed on three separate days. 
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Fig. 5. Analysis of circuit failures and the design of multiple constructs 
by combinatorial design. (A) For the library of 60 circuits (Fig. 3A, Fig. 4, 
and figs. S12, S13, S14, and S17), the fraction of correct states (black) and 
the fraction of fully correct circuits (gray) are shown versus the number 
of repressors in the circuit. (B) Impact on cell growth for the two circuits 
that failed because of toxicity. The control bar is for cells containing the 
RPU standard plasmid only. Data are average values from three experi- 
ments performed on different days; error bars denote SD. (C) An example 
of circuit debugging. All combinations of inputs for all wires were tested; 
for clarity, only a subset of debugging for the failed state (+/+/+) is shown. 
The data are normalized to [O, 1] to correct for the dynamic range across 
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gates. In this case, the failure originated when the AmtR gate produced an 
intermediate response that then propagated through the circuit. (D) The cir- 
cuit diagram for a Majority circuit. Colors correspond to repressors. (E) Six 
layouts for this circuit were designed that maintain the same repressor assign- 
ments but allow the order and orientation of the gates to vary. The circuit 
score (S) is defined as the ratio of the lowest ON state’s median to the highest 
OFF state’s median. Error bars are one SD for two experiments performed on 
different days. Cytometry distributions for each design are shown in fig. S15. 
The dashed line marks the lowest circuit score in the library. (F) Predictions 
and cytometry distributions for the final design. The format and inducer con- 
centrations are as described in Fig. 4. The red line is a transient fault state. 


formation (e.g., “Rule 30”) (89). Additional three- 
input, one-output logic circuits were built that 
demonstrate the ability to integrate inputs in 
different ways. These circuits could be used to turn 
a cellular function on or off in response to an 
environment defined by multiple signals. Each of 
the 52 circuits was specified either by using be- 
havioral Verilog (with Cello performing the logic 
minimization step) or by performing a separate 
enumeration to identify the global minimum 
number of gates and specifying the circuit dia- 
gram using structural Verilog (90). Subsequently, 
the global minimum three-input logic gates were 
included in the UCF so that they could be incor- 
porated as motifs in larger circuits in future 
designs (fig. S25). For each circuit, the sensor pro- 
moters and ON/OFF values were specified, the 
EcolC1G1T1 UCF was selected, and a DNA se- 
quence was automatically generated by Cello. 
DNA synthesis (97) and assembly were used to 
build each sequence; sequences contained up to 
10 regulators and 55 parts. The output states of 
each circuit were measured by flow cytometry 
and compared with the Cello predictions. No ad- 
ditional tuning was done to diverge from the 
Cello-predicted sequence. 

Of these 52 circuits, 37 functioned as pre- 
dicted, such that all of the output states matched 
desired ON and OFF levels (Fig. 4A). Further, the 
predicted cytometry distributions closely matched 
those measured experimentally. Of 412 output 
states across all circuits we built, 92% were 
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correct. The Consensus circuit (output is ON 
only when all three inputs agree) is the largest, 
containing 10 regulatory proteins (seven repress- 
ors from NOT/NOR gates and three from the 
inducible systems) and 55 genetic parts. Two of 
the circuits with four layers (0x3D and Ox8E) were 
selected to characterize the switching dynamics 
between states (Fig. 4B). Interestingly, Ox8E shows 
a transient incorrect state, known as a “fault” in 
electronics, when the inputs are changed from 
—/-/- to +/—/+. This is consistent with the last 
NOR gate transiently receiving ON/OFF inputs 
until one of the signals transits two layers. 

Of the 52 circuits, seven were incorrect in one 
state, two were incorrect in two states, and five 
had =3 failures (figs. S12 to S14 and fig. S20). As 
more gates were included in a design, there was 
a higher probability of failure (Fig. 5A). Two cir- 
cuits were found to cause a growth defect (Fig. 
5B). The circuits that failed in a few states tended 
to match the remaining states closely, so the ini- 
tial design could be used as the basis for further 
rounds of optimization. To this end, debugging 
experiments were performed to determine which 
gates failed. This was done by creating a set of 
plasmids that contained each gate’s output pro- 
moter fused to yellow fluorescent protein (YFP). 
These plasmids were transformed with the cir- 
cuit in lieu of the output plasmid, and the re- 
sponse of the internal gate was measured for 
all combinations of inputs. An example of this 
is shown in Fig. 5C; several other examples are 


shown in fig. S21. From this analysis, most of the 
circuit failures point to unexpected behavior from 
the anhydrotetracycline (aTc) sensor (seven cir- 
cuits) or AmtR gate (two circuits). 

Screening design variants has the potential to 
increase the probability of success, particularly 
for larger circuits. To do this, Cello outputs a 
Eugene file that contains architectural rules from 
the UCF as well as constraints to enforce the cir- 
cuit diagram and repressor assignments (fig. S29). 
The user can specify the size of the library, and a 
combinatorial design algorithm (83) generates 
the target number of constructs. Although all of 
the systems should be functionally equivalent, sub- 
tle changes in their composition may affect circuit 
function through hidden effects (e.g., transcrip- 
tional read-through or promoter interference). 
We tested this approach by designing a Majority 
circuit (Fig. 5D), whose output is ON when a ma- 
jority of its inputs are ON. We built a small library 
of six constructs that maintained the same circuit 
diagram and repressor assignments, but in which 
the order and orientation of genes was allowed to 
vary (Fig. 5E). Several of these circuits functioned 
correctly; the response of the best of these is 
shown in Fig. 5F. 


Discussion 


The design of synthetic regulatory networks has 
been dominated by manual trial-and-error tinker- 
ing at the nucleotide level. Cello automates the 
selection and concatenation of parts and balancing 
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the associated constraints. By doing this, it en- 
ables more rapid design of larger multipart sys- 
tems; the circuits that we present here are larger 
and more complex than most that have been 
built by hand. Of 60 circuits designed automati- 
cally, 45 functioned as designed (Fig. 2A, Figs. 4 
and 5, and fig. S17). Our largest circuit has 12 
regulated promoters, doubling a plateau first 
noted in 2009 regarding a limit on the complexity 
of circuits that could be designed by hand (38). 
The DNA sequence output represents a testable 
prediction that either validates the underlying 
theory or reveals failure modes that can be ad- 
dressed in the gate design. Previous experiments 
in which repressors were used to build synthetic 
logic gates showed that this often led to non- 
sensical functions that could not be predicted 
from the known interactions (92). Quantifying why 
predictions fail, where systems break, and how 
the host evolves provides failure modes that can 
be addressed through engineering. Iterative co- 
development of robust gates and software converged 
on genetic systems that are highly repetitive and 
modular, in stark contrast to the encoding of 
natural networks. 

The future of engineering biology will require 
integrated design across many subcellular systems, 
including the creation of sensors that can process 
many stimuli, management of resources and me- 
tabolites, and control over multiple cellular func- 
tions (communication, stress response, chemotaxis, 
etc.). Within this greater framework, our approach 
is to separate the design and construction of syn- 
thetic circuits from engineering considerations 
for other cellular processes (e.g., metabolic engi- 
neering). Working with transcriptional circuits 
establishes a discrete boundary that other methods 
can engage to create a desired circuit to specifica- 
tion. For example, circuits could be built for which 
the sensors had been designed using all-atom 
biophysical models (93-96) and the outputs used 
to control enzyme expression levels, as determined 
via metabolic flux models (97, 98). Integration 
with amorphous computing would enable spatial 
and community design (58, 99, 100). Integrating 
across these computer-aided design (CAD) tools 
in a way that automates design choices and ba- 
lances constraints will be critical to advancing 
the complexity of genetic engineering projects. 
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MITOCHONDRIAL DISEASE 


Hypoxia as a therapy 
for mitochondrial disease 


Isha H. Jain,??*? Luca Zazzeron,* Rahul Goli,”*? Kristen Alexa,” 
Stephanie Schatzman-Bone,” Harveen Dhillon,””* Olga Goldberger,””? Jun Peng,»?”* 
Ophir Shalem,”®” Neville E. Sanjana,”"®’ Feng Zhang,”®” Wolfram Goessling,®”’>? 


Warren M. Zapol,* Vamsi K. Mootha?”’3* 


Defects in the mitochondrial respiratory chain (RC) underlie a spectrum of human 
conditions, ranging from devastating inborn errors of metabolism to aging. We performed 
a genome-wide Cas9-mediated screen to identify factors that are protective during RC 
inhibition. Our results highlight the hypoxia response, an endogenous program evolved to 
adapt to limited oxygen availability. Genetic or small-molecule activation of the hypoxia 
response is protective against mitochondrial toxicity in cultured cells and zebrafish 
models. Chronic hypoxia leads to a marked improvement in survival, body weight, body 
temperature, behavior, neuropathology, and disease biomarkers in a genetic mouse model 
of Leigh syndrome, the most common pediatric manifestation of mitochondrial disease. 
Further preclinical studies are required to assess whether hypoxic exposure can be 
developed into a safe and effective treatment for human diseases associated with 


mitochondrial dysfunction. 


itochondria are ancient organelles that 

are essential for normal physiology and 

health. The respiratory chain (RC) is 

crucial to mitochondrial function and 

generates approximately 90% of cellular 
adenosine triphosphate (ATP) via oxidative phos- 
phorylation (7). In the oxidative step, four large 
protein complexes transfer electrons from NADH 
(the reduced form of nicotinamide adenine di- 
nucleotide) or FADH (the reduced form of flavin 
adenine dinucleotide) to oxygen while generat- 
ing a proton gradient. Approximately 90% of the 
oxygen we breathe is used as a substrate for the 
RC (J). In the phosphorylation step, the proton 
gradient is dissipated by a fifth and final complex 
to generate ATP. Numerous additional chemical 
reactions and transport processes are intimately 
coupled to the redox and proton-pumping activ- 
ities of the RC. 

A spectrum of human diseases result from a 
faulty RC (2-4). Virtually all age-related disorders, 
including type 2 diabetes, neurodegeneration, 
and sarcopenia, are accompanied by a quantita- 
tive decline in the activity of the mitochondrial 
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RC. The aging process itself is associated with a 
gradual decrease of oxidative phosphorylation 
in multiple tissues. Monogenic disorders of the 
mitochondrial RC represent the largest class of 
inborn errors of metabolism. To date, lesions in 
over 150 genes, encoded by the nuclear or mito- 
chondrial (mtDNA) genomes, have been identi- 
fied as disease-causing. Mutations in these genes 
lead to a biochemical deficiency of one or more of 
the RC complexes, resulting in either tissue-specific 
or multisystem disease with devastating effects on 
human health. Patients with RC disorders can 
present with blindness, deafness, gray- or white- 
matter brain disease, cardiomyopathy, skeletal 
muscle myopathy, gastrointestinal dysmotility, 
anemia, ataxia, liver disease, and kidney disease. 

Management of these disorders remains chal- 
lenging (5, 6). Although individual mutations are 
rare, the overall disease burden of mitochondrial 
disease is significant, with an estimated prevalence 
of 1 out of 4300 live births (7). Therefore, a general 
and effective therapeutic is needed. The current 
mainstay of managing mitochondrial disease in- 
volves the use of vitamin cofactors (such as co- 
enzyme Q, o-lipoic acid, riboflavin, or L-carnitine) 
(8). Other proposed strategies include the use of 
small-molecule bypass of defective RC compo- 
nents, using electron carriers such as idebenone, 
and antioxidants. None of these approaches have 
demonstrated efficacy in randomized controlled 
clinical trials. 

Several lines of evidence point to the existence 
of endogenous coping mechanisms for dealing 
with mitochondrial dysfunction. Mitochondrial 
disorders can be highly tissue-specific and epi- 
sodic (2, 9). These disorders are often triggered 
by drugs, alcohol, or viral illnesses, implying that 


a genetic lesion is not always sufficient to cause 
cellular dysfunction, but rather that the lesion 
may need to be compounded with an environ- 
mental insult. Such observations suggest the exis- 
tence of cellular pathways or environments that 
buffer against mitochondrial lesions. 


A genome-wide screen to spotlight 
suppressors of mitochondrial disease 


We modeled mitochondrial disease in the hu- 
man leukemic suspension cell line K562 and per- 
formed a Cas9-mediated knockout (KO) screen 
(0, 11). We used the natural product antimycin 
as a complex III inhibitor of the RC. In the pres- 
ence of antimycin, the RC is unable to oxidize 
high-energy reducing equivalents to power ATP 
production; however, cytoplasmic lactate dehydro- 
genase maintains NAD* redox balance. Removal 
of pyruvate exacerbates reductive stress, further 
preventing cell proliferation (12). We modeled 
mitochondrial disease with the addition of anti- 
mycin alone (moderate disease) or antimycin in 
combination with the removal of pyruvate (se- 
vere disease), using cell growth as a proxy for 
disease magnitude (Fig. 1A). We infected K562 
cells with a ~65,000 single-guide RNA (sgRNA) 
library, targeting ~18,000 genes (10). After 1 week 
of genome editing, we transferred the pool of KO 
cells to experimental conditions of untreated, 
moderate disease, and severe disease states (Fig. 
1B). We collected samples for an enrichment screen 
by allowing the KO pool to grow in selection 
conditions for 3 weeks. The relative growth be- 
tween untreated and moderate disease conditions 
was 300-fold and between untreated and severe 
disease conditions was 7000-fold (Fig. 1C). 

As expected, 3 weeks of genome editing in 
untreated cells led to a significant depletion of 
sgRNAs corresponding to essential genes, includ- 
ing those related to transcription, translation, and 
splicing (fig. SI. Nearly 20% of the 500 most 
essential genes were mitochondrial proteins, es- 
pecially mitochondrial ribosomal proteins and 
electron transport chain subunits (table S1). Be- 
cause mitochondrial proteins make up approxi- 
mately 5% of the proteome (13), this enrichment 
highlights the dramatic effects of mitochondrial 
dysfunction on viability. 

Of the ~18,000 genes tested, the KO screen 
identified inhibition of the Von Hippel-Lindau 
(VHL) factor as the most effective genetic sup- 
pressor of mitochondrial disease, in both the 
moderate and severe disease conditions (Fig. 1D). 
RIGER analysis ranked VHL KO cells as the most 
enriched over time in both infection replicates 
corresponding to severe and moderate disease 
(table S2). The five sgRNAs spanning all three 
exons of VHL ranked 1, 2, 3, 12, and 14 out of 
~65,000 total guides for enrichment in disease 
conditions relative to pretreatment conditions 
(Fig. 1, D to F, and figs. S2 and S3). Furthermore, 
the most significant VHL sgRNAs were enriched 
approximately 20-fold in disease states (fig. S4). 
VHL KO cells were also enriched in untreated 
conditions over time, reflecting an overall effect 
on cell growth. However, this enrichment was sig- 
nificantly less than in disease conditions. 
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VHL activity is a key regulator of the hypoxic 
response pathway (14, 15). Organisms have evolved 
elaborate mechanisms to adapt to fluctuating 
oxygen tensions and extreme environments. In 
normoxic conditions, the hypoxia-inducible tran- 
scription factors (HIFs) are constitutively made 
and hydroxylated by the prolyl-hydroxylase (PHD) 
enzymes (Fig. 2A) (16-18). The hydroxylated form 
is recognized by the ubiquitin ligase, VHL, and 
targeted for degradation. In response to envi- 
ronmental hypoxia, the PHD reaction does not 
take place, allowing HIF stabilization and acti- 
vation of the hypoxia transcriptional program 
(Fig. 2B). VHL KO cells show HIF stabilization, 
even during normoxic conditions, thereby bypass- 
ing cellular oxygen-sensing mechanisms (18-20). 
Our screen suggested that harnessing innate re- 
sponses to hypoxia may be protective in the 
setting of inherited mitochondrial disease. 


Genetic and small-molecule proof 
of concept in cellular models 


We validated and characterized the hypoxic re- 
sponse as a therapeutic target by testing the 
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ability of VHL KO cells to withstand respiratory- 
chain dysfunction. VHL KO cells showed increased 
cell proliferation in the presence of antimycin 
relative to nontargeting (dummy) sgRNA-modified 
cells (Fig. 2C). Furthermore, there was perfect 
correspondence between the degree of VHL sgRNA 
enrichment in the CRISPR (clustered regularly- 
interspaced short palindromic repeats) screen 
and the rescue-effect size of individual sgRNAs 
(fig. S5). VHL KO cells were also more resistant 
to complex I inhibition by piericidin and com- 
plex V (ATP synthase) inhibition by oligomycin, 
demonstrating the potentially broad utility of 
our therapeutic approach (Fig. 2C). 

We next explored small molecules as tools 
for triggering the hypoxia response. Although a 
VHL inhibitor has been reported (27), it is not 
cell-permeant. PHD inhibitors have been devel- 
oped as investigational drugs for anemia and 
ischemic disorders (22). FG-4592 is currently in 
phase III clinical trials for the treatment of an- 
emia of chronic kidney disease and acts by up- 
regulating the canonical marker of the hypoxia 
response, erythropoietin (Epo). We reasoned 


65,000 1 
sgRNA Rank 


that FG-4592 treatment would mimic VHL 
KO, thus triggering a broader hypoxia transcrip- 
tional program. Normal growth rates were min- 
imally increased by FG-4592. Complex I, III, 
or V inhibition stunts cell growth but does not 
increase cell death (fig. S6) in most cell lines, 
including HT-29s, HEK 293Ts, and K562s. Ad- 
ministering ~50 uM FG-4592 in advance and 
during RC dysfunction nearly or completely res- 
cued this growth defect, in a dose-dependent 
manner (Fig. 2, D to F, and fig. S7). The nearly 
full rescue of the disease state across different 
cell lines and across chemical lesions highlights 
the general utility of our approach. 

We characterized the rescue mechanism of 
FG-4592 by studying its effect on the hypoxia 
response and energy metabolism. Although 
HIFla is undetectable during normoxic expo- 
sure, treatment with FG-4592 stabilized the tran- 
scription factor even during normoxia. It has 
previously been noted that a paradox exists be- 
tween severe mitochondrial dysfunction and cel- 
lular sensing of hypoxia (23). In cell culture, full 
inhibition of the RC prevents HIF stabilization, 
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Fig. 1. Genome-scale Cas9-mediated knockout screen identifies VHL 
inhibition as protective during states of mitochondrial dysfunction. 
(A) Mitochondrial disease was modeled with the addition of the complex III 
inhibitor antimycin (moderate disease) or addition of antimycin and re- 
moval of pyruvate (severe disease). (B) K562 cells were infected in duplicate 
with the genome-scale Cas9-mediated knockout library and separated into 
conditions of untreated, moderate disease, or severe disease. Samples were 
taken at a pretreatment time point, as well as after 3 weeks of selection. 
(C) Growth curves for cumulative differences in growth rates in different 
experimental conditions for both infection replicates. (D) RIGER output 
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based on enrichment of sgRNAs in severe disease condition relative to pre- 
treatment conditions. Each row denotes a single gene, with ranks of cor- 
responding sgRNAs in the middle column. Ranks for individual sgRNAs are 
out of ~65,000 total sgRNAs in the library. (E) sgRNA enrichment mag- 
nitude versus rank, with most enriched sgRNA shown at the far right. 
sgRNAs corresponding to VHL are in red. (F) Guide abundance in pre- 
treatment conditions (infection 1 versus infection 2) shown in gray for 
each sgRNA, representative of experimental noise. Guide abundance in 
severe disease condition versus pretreatment condition is in black, with 
VHL sgRNAs in red. 
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even under low oxygen conditions that would 
otherwise trigger the hypoxia response (23, 24). 
FG-4592 treatment bypassed this paradox and 
enabled HIFla stabilization in the face of mito- 
chondrial dysfunction, during states of normoxia 
or hypoxia (Fig. 3A). Further work is needed 
to determine whether the paradox contributes 
significantly to disease pathology or whether 
it is simply a feature of severe RC blockade in 
cultured cells. 

The HIF transcriptional response is believed 
to be protective during states of hypoxia, at least 
in part by shifting the cell’s reliance away from 
mitochondrial oxidative energy metabolism. The 
HIFlo response can preserve energy supply at 
low oxygen tensions in a redox-neutral manner. 
Indeed, treatment with FG-4592 for 24 hours 
up-regulated the transcription of glycolytic en- 
zymes (Fig. 3B and fig. S8) such as glucose trans- 
porter 1 (GLUTI), hexokinase 2 (HK2), and lactate 


Fig. 2. Genetic or small- 
molecule activation of the 
HIF response is protective 
against multiple forms of 

RC inhibition, in multiple 
cell types. (A) Schematic 

for HIF degradation during 
normoxia. (B) Schematic 

for induction of hypoxia 
transcriptional program during 
hypoxia. (C) Growth curves 
for K562 VHL KO cells (cyan 
and blue) or nontargeting 
sgRNA cells (black and red) 
for untreated or disease 
conditions (the mean is 
shown). Disease conditions 
correspond to inhibition of 
complex | (piericidin), 
complex III (antimycin), or 1 
complex V (oligomycin). 
Growth curves for (D) K562 
cells, (E) HEK293T cells, and 
(F) HT-29 cells + FG-4592, in 
combination with untreated or 
disease conditions (inhibition 
of complexes |, Ill, and V), are 
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dehydrogenase A (LDHA). HIF la activation is also 
known to shunt the carbon supply away from 
the TCA cycle and toward the LDHA reaction 
(25-28), as evidenced by the significant up- 
regulation of pyruvate dehydrogenase kinase 
(PDK1) (Fig. 3B). Although lesions to the RC and 
hypoxia can in principle limit RC activity, cells 
do not mount the hypoxia response upon RC 
inhibition, because the signal is lacking. How- 
ever, FG-4592 treatment artificially triggers the 
hypoxia transcriptional program, even during 
normoxic conditions (Fig. 3B and fig. S8). 

To corroborate the transcriptional changes, we 
also measured lactic acid production and oxygen 
consumption as proxies of glycolysis and oxi- 
dative phosphorylation. Glycolysis was somewhat 
increased by RC inhibition, probably as a result 
of allosteric mechanisms (Fig. 3C). Treatment 
with FG-4592 increased glycolysis by nearly 
25% in HEK293T cells under basal conditions 
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and beyond allosteric mechanisms in response 
to RC inhibition. Furthermore, basal oxygen 
consumption was decreased by approximately 
twofold with FG-4592 treatment (Fig. 3D). This 
may be protective in the setting of mitochon- 
drial dysfunction, because it may limit the amount 
of reactive oxygen species (ROS) produced by 
impaired electron transport. 


Genetic and small-molecule proof 
of concept in zebrafish models 


To further establish proof of concept, we asked 
whether genetic or small-molecule activation of 
the hypoxia response would be protective against 
RC poisoning in zebrafish embryos. vh/-null zebra- 
fish continuously up-regulate the hypoxia response 
throughout early development (29). Just as vhl 
KO cells are protected against mitochondrial dys- 
function, we asked whether vf/-null zebrafish 
might be more resilient to RC poisoning. Zebrafish 
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embryos exhibit sensitivity to multiple specific 
RC inhibitors, including antimycin (30-32). We 
demonstrated a significant improvement in the 
survival of vh/-null embryos exposed to 2.5 nM 
antimycin as compared to heterozygous and 
wild-type (WT) controls (Fig. 4A). 

We then extended our small-molecule approach 
to the zebrafish model of RC dysfunction. A pre- 
viously generated zebrafish reporter strain, Tg 
(phd3::EGFP), expresses green fluorescent pro- 
tein (GFP) under the control of a HIF-responsive 
promoter, thereby enabling in vivo assessment of 
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Fig. 3. FG-4592 causes normoxic stabilization of HIFla and rewires energy metabolism. 
A) Immunoblot showing HIFla + RC inhibition with antimycin or oligomycin, + FG-4592 under 
normoxia (21% Oz.) or hypoxia (1% Os). RC inhibition prevents HIFla stabilization during hy- 
poxia. FG-4592 administration overcomes this paradox and stabilizes HIFla even during 
normoxia. The immunoblot is representative of independent experiments done in duplicate 
in HT-29 cells. (B) Normalized expression for known HIF targets GLUT1, HK2, LDHA, and PDK1 
+ RC inhibition, + FG-4592 in HT-29 cells. Data are shown as the mean of two independent 
experiments and normalized so vehicle-treated expression (probe/control) is 1. (C) 


activating the hypoxia transcriptional response 
(33, 34). FG-4592 treatment of Tg(phd3::EGFP) 
embryos at 96 hours post fertilization (hpf) re- 
sulted in a time-dependent increase in the fluo- 
rescence of individual reporter fish (Fig. 4B). 
Furthermore, in situ hybridization for the glyco- 
lytic HIF targets gluti and /dhal demonstrated 
significant up-regulation upon FG-4592 treatment 
(Fig. 4C), confirming that FG-4592 engages the 
zebrafish PHDs to trigger the hypoxia transcrip- 
tional program. We then demonstrated that co- 


treatment of embryos with FG-4592 rescued 
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antimycin-induced death by nearly twofold (Fig. 
4D). The genetic and small-molecule experiments 
in zebrafish provide proof of concept that acti- 
vation of the hypoxia program can protect against 
insults to the mitochondrial RC. 


Hypoxic breathing alleviates disease 
and extends life span in a mouse model 
of Leigh syndrome 


The cellular and zebrafish models provided proof 
of the concept that individual components of 
the cellular response to hypoxia are protective 
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Fig. 4. vh! KO or FG-4592 treatment 
activates the HIF response in zebra- 
fish embryos and alleviates death 
caused by RC inhibition. (A) vhi-null 
zebrafish are less sensitive to RC inhibition 


at 48 hpf than control (WT and Het) fish, n = 75 per treatment, P < 0.001 by Mantel-Cox test. (B) FG-4592 
treatment activates expression of a HIF-responsive promoter in Tg(phd3::EGFP) embryos. Images are shown for 
embryos treated with either DMSO or 2.5 uM FG-4592 from 96 to 102 hpf. Embryos were assayed for GFP 
expression at O hours post treatment (hptx) and 6 hptx. DMSO treatment fails to activate GFP expression beyond 
autofluorescence in Tg(phd3::EGFP) transgenic embryos, whereas FG-4592 robustly initiates GFP expression 
by 6 hptx. (C) Known HIF targets glut and /Idhal are overexpressed in 96 hpf zebrafish embryos treated with FG- 
4592 for 6 hours. (D) Exposure to FG-4592 rescues antimycin-induced zebrafish embryonic death. RC inhibition 
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by 2.5 nM antimycin in 4 days post fertilization (dpf) embryos results in significant death within the first 24 hours 
of treatment. Coexposure of antimycin with FG-4592 (2.5 uM) doubles embryo survival, whereas FG-4592 alone 
has no impact. n = 75 embryos per treatment, P < 0.0001 by Mantel-Cox test. 
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against mitochondrial toxins. Although small 
molecules are capable of activating specific bran- 
ches of the hypoxia program, we reasoned that 
they may not have as broad and potent an effect 
as the naturally evolved, whole-body physiolog- 
ical response to hypoxia itself. Moreover, small- 
molecule drugs for activating the hypoxia response 
are currently in clinical trials for kidney disease 
and anemia. However, a large fraction of mito- 
chondrial disease originates in the central ner- 
vous system, and our preliminary pharmacokinetic 
studies suggested limited blood-brain barrier pen- 
etration of these drugs in mice. Higher doses re- 
sulted in whole-body toxicity. Because mammals 
have evolved a complex homeostatic program to 
adapt to low oxygen tensions in their environ- 
ment, we reasoned that a similarly broad hypoxic 
stress response might protect animal models of 
mitochondrial disease. 
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Leigh syndrome is the most common pediatric 
form of mitochondrial disease. Though relative- 
ly healthy at birth, patients develop irreversible 
neurodegeneration by 2 years of age (6). They 
suffer bilaterally symmetric lesions in the brain 
stem and basal ganglia, with marked gliosis. Most 
patients die between the ages of 3 and 16 months. 
To date, over 75 different genes have been impli- 
cated in this syndrome, with complex I deficiency 
being the most frequent biochemical cause of 
disease. One of the more severe recessive forms 
of Leigh syndrome is caused by inactivation of the 
NDUFS4 gene, which codes for NADH:ubiquinone 
oxidoreductase subunit S4. Recently, a mouse 
model that recapitulates many features of Leigh 
syndrome was generated by disruption of the 
murine Ndufs4 gene (35). Ndufs4 KO mice breath- 
ing ambient air (21% O.) display retarded growth 
rates, impaired visual acuity, and a delayed star- 


NDUFS4 KO 


tle response. Their body temperature falls progres- 
sively until reaching 32°C, shortly before death at 
50 to 60 days of age. Diseased mice also display 
locomotor deficits and failure to thrive by 50 days 
of age. Their neuropathology closely resembles 
clinical findings, with a substantial inflamma- 
tory response in the brainstem and cerebellum. 

We first performed experiments to confirm that 
Ndufs4 KO mice can tolerate a brief exposure to 
environmental hypoxia and that they activate a 
hypoxic response in a manner similar to WT mice. 
We exposed four WT mice and four KO mice to 
8.5% Oz at sea-level pressure for 6 hours. Acute 
exposure of WT mice to hypoxia triggers HIF sta- 
bilization, resulting in Epo transcription and trans- 
lation. After a 6-hour exposure, we measured Epo 
protein levels in plasma and showed that both 
WT and KO mice up-regulated Epo production 
by approximately 40-fold (fig. S9). These results 
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Fig. 5. Chronic hypoxia extends life span and alleviates disease in a mouse 
model of Leigh syndrome, whereas chronic hyperoxia exacerbates disease. 
(A) Ndufs4 KO mice of both genders were chronically exposed to hypoxia 
(11% Oz), normoxia (21% Oz), or hyperoxia (55% Oz), at 30 days of age and 
survival was recorded (n = 12, n = 12, n = 9 mice, respectively). Cyan bars 
represent the current age of hypoxic KO mice. (B) Body weights were mea- 
sured in WT and KO mice exposed to normoxia or hypoxia, three times a week 
upon enrollment in the study. Weights are shown as mean + SE. (C) Rep- 
resentative images of 50-day-old KO mice exposed to normoxia or hypoxia. 
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(D) Body temperature was measured in KO mice exposed to normoxia or 
hypoxia at age ~30, 40, and 50 days. Temperatures are shown as mean + SE 
(n = 7 mice for all groups). (E) Latency to fall on an accelerating rod was 
measured as median values of triplicate trials per mouse for WT and KO mice, 
exposed to normoxia or hypoxia at different ages (n = 7 mice for all groups). 
(F) Representative 1-hour locomotor activity traces of sick, normoxia-treated 
KO mice, and age-matched hypoxia-treated KO mice, as well as controls. All 
data are shown as normoxia KO (maroon), hypoxia KO (blue), normoxia WT 
(black), and hypoxia WT (gray). *Denotes t test P value < 0.05. 
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Fig. 6. Hypoxia exposure of Ndufs4 KO mice alleviates metabolic dis- 
ease markers, as well as neuropathology, without rescuing complex | 
activity. (A) Hematocrit values for WT and KO mice treated with normoxia 
or hypoxia for ~3 weeks (n = 3 or 4 mice per group, test P value < 0.05 for 
normoxia versus hypoxia for both WT and KO). (B) Complex | activity is 
significantly reduced in KO mice relative to WT mice, in both normoxic and 
hypoxic conditions (n = 3 or 4 mice per group, t test P value < 0.01). mOD, 
milli-optical density. (©) Representative images for immunostaining against 
the inflammatory marker Iba-1 in the olfactory bulb and cerebellum of 


Ndufs4 KO mice treated with hypoxia or normoxia and WT mice exposed 
to normoxia breathing. The number of Iba-l—positive cells per 10 random 
fields of view is shown for each treatment group (mean + SE, t test P value < 
0.01 for normoxic versus hypoxic KO, n = 3 or 4 mice per group). Scale bar, 
200 um for the olfactory bulb and 50 um for the cerebellum. (D) Plasma 
a-HB levels in WT and KO mice exposed to hypoxia or normoxia (n = 4 to 
8 mice per group). The median is shown as a horizontal bar. (E) Plasma 
lactate in WT and KO mice exposed to hypoxia or normoxia (n = 4 to 8 mice 
per group). The median is shown as a horizontal bar. 


indicate that the KO mice mount a hypoxic tran- 
scriptional response and that the RC inhibition- 
HIF stabilization paradox does not extend to 
this disease setting. 

We next tested whether chronic exposure to 
moderate environmental hypoxia [breathing 11% 
Oz, a level known to be tolerated by humans 
(equivalent to 4500 m altitude)] could alleviate 
the disease phenotype in the Ndw/s4 KO mice. 
Environmental hypoxia was generated by ad- 
justing the relative concentration of nitrogen and 
oxygen in the input gas mixture. This created 
environmental oxygen tensions similar to those 
found in the high mountain communities of Nepal 
and Peru (36). Continuous gas flow and CO, ab- 
sorption by Ca(OH), within the 11% O. hypoxic 
chamber maintained CO, levels below 0.4% with 
continuous monitoring. A control ambient envi- 
ronment for breathing 21% O, was created with 
an identical chamber setup. Ndw/s4 KO and con- 
trol mice were continuously exposed to breath- 
ing at normoxia or 11% hypoxia after enrollment 
in the experiment, excluding brief exposure to 
normoxia for behavior tests and maintenance 
three times per week. Untreated Ndujfs4 KO mice 
typically began to show disease progression after 
approximately 30 days of post-birth air expo- 
sure, which is about 10 days after weaning. Because 
hypoxia-related vascular responses (constriction of 
pulmonary circulation and dilation of the ductus 
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arteriosus) occur in early postnatal development, 
we initiated chronic hypoxic exposure treatments 
after the mice were 30 days old. 

Remarkably, chronic hypoxia prevented the 
development of many disease symptoms in the 
Ndufs4 KO mice and significantly extended their 
survival. All normoxia-exposed Ndujfs4 KO mice 
either fulfilled criteria for humane euthanasia 
or died at a median age of ~60 days, with none 
surviving past 75 days (Fig. 5A). In contrast, there 
were no deaths in Ndufs4 KO mice that were 
chronically breathing 11% O», Several mice showed 
a mild clasping phenotype at ages greater than 
120 days. At the time of submission of this man- 
uscript, the oldest KO mice breathing 11% O, were 
170 days old. 

Hypoxia-treated mice showed an improvement 
in body weight gain, core temperature mainte- 
nance, and neurologic behavior. All Ndufs4 KO 
mice continued to gain weight between 30 and 
37 days of age (Fig. 5, B and C). At this stage, 
untreated KO mice lose weight, become hypo- 
thermic, and die. In contrast, Ndufs4 KO mice 
breathing 11% O, gained weight for several weeks, 
at which point body weight gain slowed, similar 
to the growth kinetics of WT mice. The growth 
rate of hypoxia-treated KO mice matched that 
of WT mice breathing 11% O, upon treatment, 
suggesting that the primary cause of weight loss 
was alleviated by hypoxic exposure. At 30 days 


of age, untreated Ndwjfs4 KO mice had similar 
core body temperatures to control mice. However, 
by 50 days there was nearly a 4°C drop in tem- 
perature (Fig. 5D). KO mice chronically breathing 
11% O, showed no reduction of core body temper- 
ature. Thus, chronic hypoxic breathing improves 
the underlying metabolic phenotype that directly 
or indirectly results in alterations of energy and 
nutrient metabolism. 

Ndufs4 KO mice, as well as patients suffering 
from Leigh syndrome, exhibit striking defects in 
locomotor activity. Ataxia and failure to thrive 
are hallmarks of mitochondrial dysfunction. Be- 
havioral tests were performed at 10-day inter- 
vals in normoxia and hypoxia-treated WT and 
KO mice. The rotarod test (37) measures the abil- 
ity of mice to maintain grip strength and balance 
and resist fatigue on an accelerating rotating rod. 
At 30 days of age, KO mice breathing air dis- 
played a slight depression in the median time 
that they could stay on a rotarod (Fig. 5E). This 
ability declined by 40 days, and at 50 days, un- 
treated KO mice were no longer able to stay on 
the rod for more than a few seconds, due to a 
combination of muscular weakness, inability to 
balance, and loss of visual acuity. Hypoxia-treated 
WT mice performed similarly to normoxia-treated 
control mice. KO mice breathing 11% O, dis- 
played a near-complete rescue of this locomotor 


phenotype. As a further neurological behavioral 
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test, spontaneous locomotor activity was mea- 
sured as total distance traveled within an hour 
(Fig. 5F). Untreated KO mice showed drastically 
reduced spontaneous locomotor activity and jump 
counts. These defects were rescued in hypoxia- 
treated mice, although only to 50% of the values 
of normoxic WT mice (fig. S10). 


Modest hyperoxic breathing 
exacerbates disease in a mouse 
model of Leigh syndrome 


The striking therapeutic effect of hypoxia led us 
to investigate whether oxygen itself was a key 
molecular parameter determining Leigh syn- 
drome progression. Thus, we asked whether the 
converse environmental scenario of chronic mild 
hyperoxic exposure (55% O,) would affect the 
disease. We exposed WT and Ndujs4 KO mice 
to 55% normobaric oxygen starting at 30 days of 
age. We found that breathing 55% oxygen had 
no effect on the survival of the WT mice. In con- 
trast, all Ndujfs4 KO mice breathing 55% oxygen 
died within 2 to 11 days of this exposure; this is 
significantly earlier than Ndzs4 KO mice breath- 
ing ambient air (21% O,), which typically succumb 
within 3 to 4 weeks after experimental expo- 
sures begin (Fig. 5A). The reduced survival of 
the KO mice breathing 55% O» along with the 
markedly extended health span of the KO mice 
that were breathing 11% O,, points to the essen- 
tial and previously unappreciated role of arterial 
oxygen tension in determining the progression of 
mitochondrial disease. This suggests that pa- 
tients with mitochondrial disease may be highly 
sensitive to oxygen toxicity. 


Circulating biomarkers and 
histopathology in a hypoxia-treated 
mouse model of Leigh syndrome 


We further characterized Ndwfs4 KO mice after 
treatment with chronic hypoxia. As expected, 
the hematocrit in these mice was elevated from 
40% during normoxia to ~60% during hypoxia, 
indicating EPO target engagement by hypoxic 
breathing (Fig. 6A). Given how effective hypoxia 
is in treating these mice, we asked whether they 
still retained a deficiency in complex I activity. 
Indeed, we found that although Ndujfs4 KO mice 
appeared healthy after hypoxia treatment, brain 
complex I activity remained dramatically reduced 
to the same levels as in untreated Ndufs4 KO mice 
(Fig. 6B). 

Normoxia-treated KO mice exhibited substan- 
tial neuronal degeneration. Lesions were accom- 
panied by Iba-1* microglial proliferation within 
the olfactory lobes, cerebellum, and brainstem, 
as documented elsewhere (38). In contrast, KO 
mice breathing 11% O, exhibited minimal to no 
lesions (Fig. 6C) and were virtually indistinguish- 
able histologically from WT controls. 

Recently, a-hydroxybutyrate (a-HB) was iden- 
tified as a circulating plasma marker of Leigh 
syndrome (39). Consistent with this, we found 
that o-HB was elevated in the plasma of Ndujfs4 
KO mice breathing ambient air, but not in Ndw/s4 
KO mice treated with chronic hypoxia (Fig. 6D). 
Similarly, plasma lactate levels were increased 
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in Ndufs4 KO mice breathing ambient air be- 
tween 50 and 65 days of age, whereas this in- 
crease was partially prevented by 11% hypoxic 
exposure (Fig. 6E). 

Collectively, these studies confirm that chronic 
hypoxic exposure to breathing 11% Oz activates 
the endogenous hypoxic response. Hypoxia does 
not correct the proximal lesion within mitochon- 
drial complex I, but rather prevents the onset of 
subsequent biochemical and histopathological 
defects. 


Discussion 


The preclinical studies described here suggest 
that hypoxic gas mixtures may be useful in treat- 
ing or preventing mitochondrial disorders. This 
approach is seemingly counterintuitive, because 
oxygen is a key substrate for the RC. However, 
hypoxia activates an evolutionarily conserved 
adaptive program that allows mammals to cope 
with limited oxygen levels. This program decreases 
an organism’s reliance on mitochondrial oxida- 
tive metabolism. Such adaptive programs are 
not necessarily triggered by mitochondrial dis- 
ease, because the hypoxic signal is absent in those 
cases. Moreover, hypoxia leads to a state in which 
oxygen delivery and consumption are simulta- 
neously reduced, whereas in mitochondrial dis- 
ease, oxygen delivery continues in the face of 
impaired oxygen utilization. Such a mismatch be- 
tween delivery and utilization potentially con- 
tributes to oxygen toxicity. Hence, hypoxia may 
represent nature’s solution for overcoming mito- 
chondrial disease pathology, both by triggering 
innate adaptive programs and by simultaneously 
limiting the substrate for oxygen toxicity. 
Multiple cellular and systemic mechanisms 
are probably acting in concert to provide the 
therapeutic effect we observed in mice. First, 
hypoxia may be triggering the HIF-dependent 
transcriptional program that is known to ac- 
tivate key biochemical pathways, including gly- 
colysis for redox-neutral ATP production and 
decreased flux through PDH to prevent mito- 
chondrial ROS generation. Second, breathing 11% 
O, reduces the provision of oxygen to the cell— 
oxygen that would otherwise be available as a 
substrate for free radical production or aberrant 
signaling. Many enzymes are designed to operate 
under reducing conditions and are highly sensi- 
tive to ambient oxygen levels. Hypoxia may estab- 
lish a new oxygen set point that is better suited to 
the cellular environment created by impaired RC 
activity, whereas hyperoxia may create an environ- 
ment that is less favorable. Third, it is likely that 
hypoxia is also operating at the level of organ 
systems physiology (such as Oy, delivery and CO, 
clearance by the cardiovascular system, endocrine 
function, and immune signaling), which are inher- 
ently non-cell-autonomous and previously reported 
to be altered in humans living at high altitudes. 
Future studies will fully decipher the role of HIF 
and the cellular versus cell-autonomous mecha- 
nisms underlying the in vivo therapeutic benefit. 
Our results may hold therapeutic potential for 
patients with mitochondrial disease. However, 
before the chronic hypoxia strategy described 


here can be evaluated in the clinical setting, ad- 
ditional preclinical studies are needed to establish 
its safety and efficacy. First, studies of additional 
mouse models will determine the generalizabil- 
ity of this approach to other rare mitochondrial 
disorders, common disorders of mitochondrial 
dysfunction, and disorders of oxidative stress. 
Second, in the current study, we used a treatment 
regimen consisting of chronic 11% inspired oxy- 
gen. Healthy humans can acclimate to high alti- 
tudes such as those encountered in Mount Blanc, 
Peru, and Nepal, where ambient oxygen tensions 
are comparable to those used in our experiments, 
but it is possible that these conditions would 
not be well tolerated by patients. Future studies 
should thus evaluate whether intermediate oxy- 
gen levels between 11 and 20% are effective in 
mouse disease models. Finally, if intermittent 
hypoxia proves as effective as chronic hypoxia, it 
may allow for a nighttime therapy for which 
face masks and sleeping tents have already been 
devised by the sports industry. 

An important principle in the management of 
mitochondrial disease is to avoid exposures, such 
as aminoglycoside or tetracycline antibiotics, that 
are known to be toxic to mitochondria. Patients 
with mitochondrial disease (like many other pa- 
tients) are routinely treated with supplemental 
oxygen and breathe high levels of inspired oxygen 
during general anesthesia, recovery from surgery, 
and intensive care. Retrospective or prospective 
studies may help to extend our observations to 
humans, and if confirmed, would imply that 
caution should be exercised in O, exposure, and 
that administering supplemental oxygen should 
be limited to those instances in which it is clin- 
ically indicated. 

At present, how lesions in the RC lead to such 
diverse pathology remains a mystery. Given the 
striking therapeutic efficacy of hypoxic breathing 
and the detrimental effect of moderate hyper- 
oxia we saw in our studies, we propose that aber- 
rant oxygen metabolism, signaling, or toxicity lies 
at the heart of mitochondrial pathogenesis. The 
identification of such a critical parameter suggests 
that a real understanding of mitochondrial patho- 
genesis is within reach. 

Finally, it is notable that the aging process and 
virtually all age-related degenerative diseases are 
associated with secondary mitochondrial dysfunc- 
tion and oxidative stress (40). Although antioxi- 
dants have been proposed as a strategy to alleviate 
these disorders by scavenging free radicals, our 
work suggests that simply limiting the substrate 
for oxygen toxicity may prove more effective. More- 
over, hypoxia can trigger an adaptive program 
designed to decrease our body’s reliance on mito- 
chondrial oxidative metabolism. It is conceivable 
that breathing hypoxic gas mixtures may prevent 
the onset of more common disorders. 
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On-demand continuous-flow 
production of pharmaceuticals in a 
compact, reconfigurable system 
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Pharmaceutical manufacturing typically uses batch processing at multiple locations. 
Disadvantages of this approach include long production times and the potential for supply 
chain disruptions. As a preliminary demonstration of an alternative approach, we report 
here the continuous-flow synthesis and formulation of active pharmaceutical ingredients in 
a compact, reconfigurable manufacturing platform. Continuous end-to-end synthesis in 
the refrigerator-sized [1.0 meter (width) x 0.7 meter (length) x 1.8 meter (height)] 
system produces sufficient quantities per day to supply hundreds to thousands of oral or 
topical liquid doses of diphenhydramine hydrochloride, lidocaine hydrochloride, diazepam, 
and fluoxetine hydrochloride that meet U.S. Pharmacopeia standards. Underlying this 
flexible plug-and-play approach are substantial enabling advances in continuous-flow 
synthesis, complex multistep sequence telescoping, reaction engineering equipment, and 


real-time formulation. 


hereas manufacturing of automobiles, 
electronics, petrochemicals, polymers, 
and food use an assembly-line and/or 
continuous, steady-state strategy, phar- 
maceutical synthesis remains one of the 
last industrial processes to apply a noncontinuous 
or “batch” approach. Moreover, pharmaceutical 
companies generally assemble the active phar- 
maceutical ingredient (API) using molecular frag- 
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ments obtained from different sources, with the 
final synthesis steps done at the company loca- 
tion. The API is then often mixed with excipients 
and formulated in the final drug product form at 
a separate plant. As a result, production of a 
finished dosage form can require up to a total of 
12 months, with large inventories of intermedi- 
ates at several stages. This enormous space- 
time demand is one of a myriad of reasons that 
has led to increased interest in continuous 
manufacturing of APIs and drug products, as 
well as in the development of integrated pro- 
cesses that would manufacture the drug pro- 
duct from raw materials in a single end-to-end 
process (1-5). 

Another major challenge facing the pharma- 
ceutical industry is drug shortages; the U.S. Food 
and Drug Administration (FDA) has reported 
well over 200 cases per year during 2011-2014 
(6). The root causes of these shortages often trace 
back to factors reflective of the limitations of 
batchwise manufacturing, such as variations in 
quality control and supply chain interruption. 
Moreover, the small number of suppliers for any 
particular medicine further exacerbates the chal- 
lenges faced by batchwise manufacturing to re- 
spond to sudden changes in demand or need, 
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such as in epidemic or pandemic instances of in- 
fluenza outbreak. 

To address the above issues, we have devel- 
oped a continuous manufacturing platform that 
combines both synthesis and final drug product 
formulation into a single, highly compact unit 
(Fig. 1). The utilization of continuous flow (7-9) 
within the system enables efficient heat and 
mass transfer, as well as process intensification 
(10) and automation. Over the past several years, 
the merits of flow chemistry in streamlining syn- 
thesis (77) have been successfully demonstrated 
in the preparation of many individual high-profile 
APIs (22, 13), including artemisinin (74), imatinib 
(15), efavirenz (16), nabumetone (17), rufinamide 
(18), pregabalin (79), and (E/Z)-tamoxifen (20). 

Work with colleagues at the Massachusetts 
Institute of Technology (MIT) on end-to-end, con- 
tinuous manufacturing of a single API, aliskiren 
hemifumarate, in a shipping container-sized unit 
(2D enabled us to identify critical steps in on-demand 
manufacturing of pharmaceuticals. Specifically, 
we chose to address challenges in reconfiguration 


Fig. 1. Reconfigurable system 
for continuous production and 
formulation of APIs. (A) 
Labeled photograph of the stack 
of upstream synthesis modules. 
B) Labeled photograph of the 
downstream purification and for- 
mulation modules. (C) Close-up 
examples of upstream units; PFA 
tube flow reactors in an alumi- 
num shell for heating (left) and 
membrane surface tension— 
based separation units (right). 
D) Images of some of the main 
components in the downstream 
unit including the (a) buffer tank, 
b) precipitation tank, (c) filtra- 
tion unit, (d) crystallization unit, 
(e) filtration unit, (f) formulation 
tank, (g) solution holding tank, 
and (h) formulated API. Details 
are in the supplementary text. 
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for multiple synthesis of multiple compounds, 
tight integration of process streams for reduced 
footprint, innovations in chemical reaction and 
purification equipment, and compact systems for 
crystallization and formulation. As a result, the 
current system is ~1/40 the size and reconfigur- 
able, in order to enable the on-demand synthe- 
sis and formulation of not just one, but many 
drug products. With the necessary regulatory 
approvals, this proof-of-principle system could 
enable a gradual phase-in of pharmaceutical pro- 
duction in response to demand. Reproduction of 
the system would be simpler and less costly to 
operate than a full batch plant and so could pro- 
duce pharmaceuticals only needed for small pa- 
tient populations or to meet humanitarian needs. 
It could be particularly advantageous for drugs 
with a short shelf life. Furthermore, the ability to 
manufacture the active ingredient on demand 
could reduce formulation complexity relative to 
tablets needing yearlong stability. 

The flexible, plug-and-play refrigerator-sized 
platform (Fig. 1) [1.0 m (width) x 0.7 m (length) x 


2s 
"ele Wi tba 


Membrane separator 


D Bec 


1.8 m (height), ~100 kg] is capable of complex 
multistep synthesis, multiple in-line purifications, 
postsynthesis work-up and handling, semibatch 
crystallization, real-time process monitoring, and 
ultimately formulation of high-purity drug products. 
To demonstrate its capabilities, we produced, from 
raw materials, sufficient quantities to supply hun- 
dreds to thousands of consumable oral or topical 
liquid doses per day of four different pharma- 
ceuticals: diphenhydramine hydrochloride (1), 
lidocaine hydrochloride (2), diazepam (3), and 
fluoxetine hydrochloride (4) (Fig. 2) (22). The lat- 
ter API, fluoxetine hydrochloride (4), was synthe- 
sized as a racemic mixture, as approved by the 
FDA. These generic molecules from different drug 
classes have differing chemical structures and syn- 
thesis routes, thus challenging the capabilities and 
exploring the technical limits of the continuous- 
flow system. Moreover, they are drugs commonly 
found in a chief medic’s toolkit. Diphenhydramine 
hydrochloride (1), for example, well known by the 
trade name Benadryl, is an ethanolamine-based 
antihistamine used to treat the common cold, 


precipitatiok 
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lessen symptoms of allergies, and act as a mild 
sleep aid. Lidocaine hydrochloride (2), alterna- 
tively, is a common local anesthetic and class- 
1b antiarrhythmic drug. Diazepam (3), also known 
as Valium, is a central nervous system depressant. 
Finally, fluoxetine hydrochloride (4) is a widely 
used antidepressant recognized by its trade names 
Prozac and Sarafem. 

As shown in Figs. 3 to 5, the synthesis of each 
API utilizes simple starting materials and reagents 
readily available from commercial suppliers and 
highlighted advantages that flow chemistry offers 
relative to batch synthesis. Synthetic schemes 
were first developed in flow on a microliter scale 
before translating to the platform. The reactions 
leverage quick exposure at elevated temperatures 
(130° to 180°C) and pressures (~1.7 MPa) in con- 
trolled environments to enable faster reactions 
with low impurity profiles and reduce total syn- 


thesis times from hours to minutes. Reagents were 
in high concentrations, close to saturation, and in 
some cases even neat, which ensured high produc- 
tivity while reducing waste and solvent amounts. 
This is in contrast to batch conditions that use 
lower concentrations, as solvents often also serve 
as a heat transfer medium. Moreover, in the flow 
system, reaction and purification occurred at the 
same time at different locations within the same 
uninterrupted reactor network. In batch, each of 
the operations would be physically and tempo- 
rally disconnected and would have much larger 
time, space, and workforce requirements, hence 
drastically increasing the global footprint and 
decreasing the global output of a given process. 


Assembly of the platform 


The system consists of reconfigurable upstream 
and downstream units (Fig. 1) that, despite hav- 


ing many complex operations, can be managed 
easily by an individual user. This is unlike typical 
batch manufacturing, which requires many oper- 
ators to oversee multiple large-scale reactors and 
tanks with volumes on the order of thousands of 
liters and the transport and formulation of the 
final API in a separate processing plant (23). As 
shown in Fig. 1A, the upstream unit houses 
reaction-based equipment for producing APIs 
(e.g., feeds, pumps, reactors, separators, and pres- 
sure regulators) and has a maximum power re- 
quirement of 1.5 KW, which is mainly consumed 
by heating the reactors and operating the pumps. 
The backside (in Fig. 1A), alternatively, repre- 
sents the downstream unit (Fig. 1B) dedicated to 
purification and formulation of the drug product 
(e.g., tanks to precipitate the crude API from re- 
action mixtures, crystallizers, and filters) (Fig. 1D). 
Temperature, pressure, flow, and level sensors 
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Fig. 2. Reconfigurable modules and flowcharts for API synthesis. (A) Diphenhydramine hydrochloride, (B) lidocaine hydrochloride, (C) diazepam, 
and (D) fluoxetine hydrochloride. The top row represents the different modules. Colored modules are active, gray boxes designate inactive modules. 
Reagent and solvent numbers refer to the compounds listed in table S2. 
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are included at strategic positions and coupled 
with data acquisition units to facilitate operational 
monitoring and support real-time production 
control. Because few commercial chemically com- 
patible components were available and suitable 
for the gram-per-hour size scale combined with 
elevated temperatures and pressures, we devel- 
oped most of the unit operations used in the 
upstream and downstream systems, as detailed 
in the supplementary text. These include pressure 


sensors, clamshell reactors with an outer alumi- 
num body, and inner PFA (perfluoro alkoxy poly- 
mer) tubing for chemical compatibility with good 
heat transfer (Fig. 1C and fig. S5), surface tension 
liquid-liquid-driven extraction units (24) (Fig. 10), 
multiline back pressure regulators (fig. $3), auto- 
mated precipitation, filtration (Fig. 1D and fig. S6), 
and crystallization tanks, and automated formu- 
lation (Fig. 1D and figs. S7 and S8). The ventilation 
of this system was designed to have a face ve- 


locity between 0.4 and 0.5 m/s, which is typical 
for chemical fume hoods in the United States. 
The units were arranged in modules of re- 
actors and separators to enable reconfiguration 
to produce the four different drug products with- 
in the same system (Fig. 2; see table S2 for the 
numbering scheme). The synthesis schemes dem- 
onstrate the ability to reconfigure the system for 
increasing levels of chemical complexity, starting 
with diphenhydramine (Fig. 2A) with one reactor, 
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Fig. 3. Synthesis of diphenhydramine hydrochloride using the reconfigurable system. Flowchart detailing the upstream and downstream synthesis. 
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Fig. 4. Synthesis of APIs via two-step upstream configurations. (A) Lidocaine hydrochloride and (B) diazepam. 


G4 1 APRIL 2016 + VOL 352 ISSUE 6281 


sciencemag.org SCIENCE 


RESEARCH | RESEARCH ARTICLES 


one separator, and four pumps and finishing 
with fluoxetine (Fig. 2D) with four reactors, four 
separators, and 11 pumps. An inline attenuated 
total reflection (ATR) Fourier transform infrared 
(FTIR) system (FlowIR) (figs. S9, S13, S14, S18, 
and S19) (25) provided real-time monitoring of 
the formed APIs. LabVIEW (National Instruments) 
programs were also implemented, along with 
the high- and fast-performance modular X Series 
data acquisition (DAQ) device and sensors for 
monitoring multiple process parameters—namely, 
pressure, reactor temperature, and flow rates. 
The same LabVIEW platform was also used to 
automate different units, including heating reactors, 
pumps, gravity-based separators, and multichan- 
nel valves. The downstream module alternatively 
(Fig. 2, right-hand modules) consisted of precipi- 
tation, filtration, redissolution, crystallization, fil- 
tration, and formulation units. All drug products 
were purified and formulated to meet U.S. Phar- 
macopeia (USP) standards. Consistent with the 
on-demand format, we focused on concentrated 
aqueous or alcohol-based formulations ready for 
dilution to target concentrations when needed and 
stable for at least 31 days (table S1). Solid formu- 
lations, such as tablets, would have required sub- 
stantial additional space to house unit operations 
of drying, powder transport, solids blending, and 
tableting—all processes that would be difficult to 
implement on the gram-per-hour scale. Nevertheless, 
we are currently pursuing the miniaturization of 
these processes so that solid formulations may be 
prepared on the same platform. 


Synthesis and formulation of 
diphenhydramine hydrochloride 


As a first demonstration of the capabilities of this 
compact unit, diphenhydramine hydrochloride 
(1) was manufactured in its final liquid dosage 
form. As shown in Fig. 3, the process commenced 
with the reaction between an excess amount of 
neat 2-dimethylaminoethanol (5) and neat chloro- 
diphenylmethane (6) at a temperature of 180°C 
and a pressure of 1.7 MPa generated with the use 
of a back pressure regulator (BPR). The reaction 


was complete within 15 min, in contrast to typ- 
ical batch processing requiring 5 or more hours 
at 125°C in benzene for a similar substrate (26). 
Because the product API has a melting point of 
168°C, it could be handled in flow at 180°C in the 
absence of additional solvent, thereby minimiz- 
ing the waste generated. The molten salt was 
then treated with a stream of preheated (140°C) 
aqueous NaOH (7). An inline purification and 
extraction process employing a packed-bed column 
to increase mass transfer, a gravity-operated liquid- 
liquid separator with automatic level control (fig. 
$1), and an activated charcoal filter to remove the 
colored impurities produced the diphenhydramine 
API as a solution in hexanes in 82% yield. 

In the downstream section, the API was pre- 
cipitated with HCl (10), and the resulting salt 
was filtered, washed, and dried in a specially con- 
structed device with a Hastelloy filtration mem- 
brane (fig. S6) (27). After redissolving in isopropyl 
alcohol at 60°C, the diphenhydramine hydro- 
chloride (1) was recrystallized in a crystallizer, 
while being cooled to 5°C. Upon filtering and 
drying, the crystals were dissolved in water. Real- 
time monitoring using an ultrasonic probe yielded 
the final dosage concentration (5 ml at 2.5 mg/ml). 
High-performance liquid chromatography anal- 
ysis determined that the purity of the product 
conformed to USP standards (fig. $12) (28). Over- 
all, the system capacity based on the optimal yield 
observed in each step was 4500 doses per day. 

The facile transition from 1 to the production 
of lidocaine hydrochloride (2) (Fig. 4; see also 
Fig. 2B) was next accomplished through simple 
adjustments of the fluid manifolds to direct the 
fluids to specific reactors and separators. Whereas 
1 was produced via a single upstream reaction, both 
2 and 3 were generated through similar two-step 
upstream configurations, with modifications mainly 
in the purification and extraction regimens. 


Synthesis and formulation of 
lidocaine hydrochloride 


The synthesis of lidocaine hydrochloride (2) 
began with the acylation of 2,6-xylidine (11) in 


N-methyl-2-pyrrolidone (NMP) with neat chloro- 
acetyl chloride (12), premixed inline with a stream 
of NMP (18) to avoid decomposition on stand- 
ing (Fig. 4A; see also Fig. 2B). Subsequent ad- 
dition of a stream of KOH and Et,NH (14) in a 
mixture of polar protic solvents facilitated the 
installation of the tertiary amine to generate the 
crude API, without any intermediate purification. 
A BPR set at 1.7 MPa after reactor II enabled liquid 
flow at elevated temperatures (120°C and 130°C), 
allowing liquid operation well above the boiling 
point of diethylamine (55°C) and some of the 
solvents used (methanol and water). As a result, 
the reaction was complete within 5 min versus 
batch procedures of 60 min in refluxing toluene 
(29) or 4 to 5 hours in refluxing benzene (30). 
Overall, complete conversion (99%) of the starting 
materials to the crude API was realized in only 
36 min. To deliver the crude lidocaine solution 
with sufficient purity for a streamlined down- 
stream process, hexane (15) and a NaCl/NH,Cl 
saturated solution (16) were then injected through 
a cross-junction into the outlet product stream. 
Upon passing through a packed-bed column con- 
taining 0.1-mm glass beads and an inline gravity 
liquid-liquid separator, lidocaine was obtained in 
90% yield. The downstream processing next pro- 
ceeded with the formation of the HCI salt in a 
manner similar to that of diphenhydramine. After 
recrystallization, 2 (88% yield) had a purity of 
97.7%, thereby meeting USP standards (fig. S17) 
(31). The API was treated with a premixed aque- 
ous solution of 4% sodium methylcarboxycellulose 
to yield a final concentrate. Overall, this system 
can produce 810 doses (dosage strength = 20 mg/ml) 
of lidocaine hydrochloride per day. 


Synthesis and formulation of diazepam 


Following the production of lidocaine hydro- 
chloride (2), we next transitioned to diazepam 
(3), through switching-in charcoal purification 
and gravity-based extraction units. As shown in 
Fig. 4B (see also Fig. 2C), the crude API was syn- 
thesized in a two-step upstream sequence initiated 
with the acylation of 5-chloro-2-(methylamino) 
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Fig. 5. Demonstration of a multistep API synthesis. Flowchart detailing the upstream and downstream synthesis of fluoxetine hydrochloride. DMSO, 
dimethyl! sulfoxide; rt, room temperature; DIBAL, diisobutylaluminum hydride. 
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benzophenone in NMP (18) with neat bromoacetyl 
chloride (19) premixed inline with a stream of 
NMP (20). Bromine displacement, followed by 
an intramolecular cyclization reaction upon addi- 
tion of a stream of NH; in MeOH/H,0O (21), then 
furnished the target molecule. Similar to lidocaine, 
the application of elevated pressure (1.7 MPa) 
and temperatures (90°C and 130°C) in this sequence 
enabled liquid flow and complete conversion of 
the starting materials in only 13 min compared 
to 24 hours of batch operation at room tempera- 
ture (32). After a continuous extraction, the organ- 
ic stream was then passed through the activated 
charcoal cartridge to remove the dark colored di- 
mer and trimer side-products. After precipitation 
and recrystallization in the downstream section, 
the dried diazepam crystals (3) (94% yield) had 
a purity level that met USP standards (fig. S22) 
(33). Resuspending in ethanol in the formulation 
tank then provided a concentrate. At a dosage con- 
centration of 1 mg/ml (one dose is 5 ml at 1 mg/ml), 
this system can produce ~3000 doses per day. 


Synthesis and formulation of 
fluoxetine hydrochloride 


The last of the APIs produced, fluoxetine hydro- 
chloride (4), was specifically chosen to demonstrate 
the versatility and capacity of this system to carry 
out a complex, fully integrated, telescoped, multi- 
step, biphasic synthesis (Fig. 5; see also Fig. 2D). 
Aseries of individual reactions carried out in flow, 
with purification and isolation of each interme- 
diate in batch, has been previously demonstrated 
(34). By integrating four reactors and four inline 
separation units, however, we realized the contin- 
uous end-to-end synthesis of this API as a racemic 
mixture. As shown in Fig. 5, the entire upstream 
reactor network was maintained at 1.7 MPa through 
the use of multichannel BPR located near the 
end of the upstream unit. The synthesis com- 
menced with a DIBAL (27) reduction of a close- 
to-saturated solution of 3-chloropropiophenone 
in toluene (26) at room temperature in the first 
reactor. A stream of 4 M aqueous solution of HCl 
(28) was then introduced, and the resulting mixture 
was subjected to ultrasound in the second reactor 
to enable fast dissolution of the aluminum salts 
and ensure long-term and stable operation of the 
system (35). A two-stage inline extraction and 
separation sequence with in-house-constructed 
membrane liquid-liquid/gas separators removed 
the aqueous waste and gas (24). An additional 
stream of aqueous HCl (29) injected into the sys- 
tem before the second separation ensured a com- 
plete quench of the reaction. 

The intermediate alcohol next reacted with 
aqueous methylamine (30) at 135°C in the third 
reactor in a biphasic flow. After a residence time 
of 10 min, tetrahydrofuran (THF) (32) and aque- 
ous NaCl (20 mol %) (31) efficiently extracted the 
resulting amino alcohol into a suitable organic 
solvent (THF) for nucleophilic aromatic substi- 
tution in the fourth reactor. Upon separation of 
the aqueous and organic phase, the latter passed 
through a cartridge containing 0.4-nm molecular 
sieves to remove residual water. After a short 
residence time of 2.6 min in the fourth reactor, 
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the fluoxetine solution merged with a stream of 
water to prevent the precipitation of the KF salt. 
Extraction and separation produced a solution of 
fluoxetine in tert-butyl methyl ether (TBME) (36) 
in 43% yield and at a production rate corresponding 
to 1100 doses per day (one dose is 5 ml at 4 mg/ml) 
prior to downstream processing. Similar to the 
other three APIs, the downstream processing 
involved a precipitation and recrystallization 
sequence to provide fluoxetine hydrochloride 
crystals that met USP standards (fig. S25) (36). 
Redissolution in water yielded the final concen- 
trate in 100 to 200 doses. 

Overall, the total cycle times for the production 
and formulation of the APIs varied from 12.2 hours 
in the case of lidocaine hydrochloride to 47.7 hours 
for fluoxetine hydrochloride (table S3). Whereas 
the upsteam syntheses required three residence 
times (total of 0.7 to 1.3 hours) of the sequential 
reactions to achieve steady state, the downstream 
processes took much longer and were mainly 
dominated by the precipitation step. Because the 
system featured valves, convenient feed swaps 
(from reagents to solvents) and fast cleaning 
procedures between each API production were 
achieved. Appropriate solvent combinations were 
added to the reactor lines to flush the up- and 
downstream units. At the shortest, switching 
the production of lidocaine hydrochloride to di- 
azepam required a total of 15 min for a complete 
flush of the internal lines in the upstream section. 
A switchover from the simplest to the most com- 
plex synthesis (diphenhydramine hydrochloride 
to fluoxetine hydrochloride) would take 2 hours. 
No cross-contamination was detected from run to 
run, and the results were reproducible within a 
standard deviation of 0.6% (diphenhydramine 
hydrochloride) to 4.7% (fluoxetine hydrochloride) 
yield for each API production within a single run. 
The downstream purification and formulation 
units required no reconfiguration—only the afore- 
mentioned flushing. Thus, all transitions between 
production runs could be completed in less than 
4 hours. To meet current good manufacturing 
practices, one could consider replacing the per- 
fluorinated tubing and membranes in the reactors, 
BPRs, and separators. The units were designed to 
facilitate such a replacement. 


Outlook 


For over a decade, the FDA has been working to 
stimulate modernization of small-molecule man- 
ufacturing, which is largely based on batch man- 
ufacturing processes (37, 38). The vision of the 
FDA’s Pharmaceutical Quality for the 21st Century 
Initiative is to create a more robust and flexible 
pharmaceutical sector capable of manufacturing 
high-quality APIs. Continuous manufacturing is 
one such strategy for meeting this vision (/, 39). 
Continuous manufacturing systems benefit from 
integrated processing and control, which can trans- 
late to increased safety (no manual handling) and 
shorter processing times. The use of highly adapt- 
able smaller equipment, which implements real- 
time monitoring, may also lower production costs 
and improve product quality (/, 37, 38). The present 
implementation of four well-known pharmaceuti- 


cal drugs demonstrates the concept of continuous, 
small-scale, on-demand production of pharma- 
ceuticals. Already-demonstrated advances in flow 
chemistry (17-20) could be realized on similar 
platforms, and with additional research, ultimately 
enable the continuous synthesis of modern small- 
molecule pharmaceuticals, including enantiopure 
APIs. The current system focused on liquid oral 
and topical dosage formulations commensurate 
with the on-demand approach. A complete alter- 
native platform to current batch manufacturing 
would inevitably have to produce pharmaceuti- 
cals in the common dosage forms of tablets and 
capsules as well as sterile injectable solutions, 
which would require advances in downstream 
processing. Specifically, classical unit operations 
of crystallization, drying, powder transport, solids 
blending, and tableting would have to be mini- 
aturized and integrated. New approaches such as 
three-dimensional printing of tablets could facili- 
tate these developments. Realization and dem- 
onstration of good manufacturing practices and 
ultimately FDA approval will be critical to future ap- 
plications of this technology, including production 
units for hospitals, health care organizations, phar- 
maceutical development, and humanitarian aid. 
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STELLAR EVOLUTION 


A white dwarf with an 


oxygen atmosphere 


S. O. Kepler,’* Detlev Koester,” Gustavo Ourique’ 


Stars born with masses below around 10 solar masses end their lives as white dwarf stars. 
Their atmospheres are dominated by the lightest elements because gravitational diffusion 
brings the lightest element to the surface. We report the discovery of a white dwarf with an 
atmosphere completely dominated by oxygen, SDSS J124043.01+671034.68. After oxygen, 
the next most abundant elements in its atmosphere are neon and magnesium, but these are 
lower by a factor of 225 by number. The fact that no hydrogen or helium are observed is 
surprising. Oxygen, neon, and magnesium are the products of carbon burning, which occurs in 
stars at the high-mass end of pre—white dwarf formation. This star, a possible oxygen-neon 
white dwarf, will provide a rare observational test of the evolutionary paths toward white dwarfs. 


hite dwarf stars are the end product of 

stellar evolution for all stars born with 

masses below 8 to 11 solar masses (M.). 

The limit depends on the initial compo- 

sition on the main sequence, in partic- 
ular the abundances of the heavy elements (the 
metallicity), but also on uncertainties of the mod- 
els and input physics. Among these are the 
nuclear reaction rates of C+He and C+C and 
the treatment of convection in the asymptotic 
giant branch (J, 2). About 80% of white dwarfs 
have atmospheres dominated by H, and the 
remainder by He. All other elements are only 
small traces, much less abundant than in the 
Sun. The reason for this unusual pattern is 
separation in the strong gravitational field (3). 
The lightest elements present very rapidly 
float to the surface once the white dwarf cools 
below about 100,000 K effective temperature 
(Te). Except for the basic division of the two 


‘Instituto de Fisica, Universidade Federal do Rio Grande do 
Sul, 91501-900 Porto Alegre, RS, Brazil. “Institut fuir 
Theoretische Physik und Astrophysik, Universitat Kiel, 24098 
Kiel, Germany. 

*Corresponding author. E-mail: kepler@if.ufrgs.br 


SCIENCE sciencemag.org 


groups, which suggests different evolutionary 
channels, the atmosphere of the white dwarfs 
in their later cooling evolution has thus lost all 
memory of the previous evolutionary phases. 
There are only a few, very rare, exceptions to 
this rule. At very high effective temperature, 
Tere > 200,000 K, two stars (H1504+65 and RX 
J0439.8-6809) (4) show no visible He or H but 
a C/O mixture. The limits on the He abundance 
are rather high, and it is quite possible that 
these stars will develop H or He atmospheres as 
they cool to lower effective temperatures, when 
gravitational separation becomes efficient. 
Between 22,000 K = Torr = 18,000 K, there 
is a small group of stars, called Hot DQ white 
dwarfs (5, 6), which have C-dominated atmo- 
spheres. Their origin is not yet clear, but a likely 
scenario is that the carbon is dredged up from 
below the atmosphere once the convection zone 
reaches deep enough (7). If this scenario is cor- 
rect, the DQ stars demonstrate that underneath 
the He layer there is a C layer resulting from 
the previous He-burning stage on the asymptotic 
giant branch. Another scenario is their forma- 
tion by a merger of two white dwarf stars (8). 


At lower effective temperature, around 12,000 K, 
there is another small group of stars with strong 
O lines in their spectra; they have He-dominated 
atmospheres, but the next most abundant ele- 
ment is O, followed by C (9-ID). It is plausible 
that their composition is related to the pre-white 
dwarf evolution, specifically C burning, but the 
reason that they appear at this temperature and 
this O/C ratio is not understood. To aid in our 
understanding of the late phases of low and 
intermediate mass star evolution, we searched 
for new white dwarf stars through the 4.5 mil- 
lion spectra in Data Release (DR) 12 (12) of the 
Sloan Digital Sky Survey (SDSS) (73). 

One of the results of our search was SDSS 
J124.04.3.01+671034.68 (spectrum with Plate- 
Modified Julian Date-Fiber 7120-56720-0894), 
which covers 3600 to 10,400 A with resolving 
power R = i/dA ~ 2000. The spectrum (Fig. 1) 
exhibits many O I spectral lines, appearing sim- 
ilar to the group of cool stars with strong oxy- 
gen lines in their spectra (0, 11). The absence of 
any He lines could be understood if the stellar 
effective temperature were near 11,000 K. How- 
ever, closer inspection shows several lines of 
ionized Mg II and even O II, which require Tg > 
20,000 K. Temperatures ~20,000 K are also 
obtained from the SDSS photometry and the 
ultraviolet Galaxy Evolution Explorer (GALEX) 
measurements (14). At this temperature, the H 
and He lines, if these elements were present in 
the atmosphere, should be very strong. The ab- 
sence of any He and H lines is only possible if O 
is the most abundant element. A detailed analysis 
(see the supplementary materials) confirmed this, 
with Te = 21,600 K and surface gravity log g = 
7.93 + 0.17, where g = GM/R? is the surface grav- 
ity in centimeter-gram-second units, with G the 
gravitational constant, M the stellar mass, and R 
the radius. Table 1 shows the atmospheric com- 
position ratios determined from our modeling 
(see the supplementary materials). 

The surface gravity is typical for white dwarfs 
(13) and corresponds to a mass of 0.56 + 0.09 Mo, 
using the white dwarf mass-radius relation for 
stars without outer H layer (75), but it is theo- 
retically not expected for a star with an oxygen 
atmosphere. From the estimated log g solution 
and the SDSS photometry in the ugriz filters, 
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Fig. 1. Spectrum of SDSS J124043.01+671034.68. The four upper panels show important regions for O, Mg, Si, and Ne. The two lower panels show the 
regions of the strongest He line (5877 A) and Ha with abundances at the upper limit (red) and without these elements (blue). 


Table 1. Elemental abundance ratios by number. Abundance ratios were determined from the 
atmospheric modeling (see the supplementary text). Uncertainties are 69% for O/Ne, 28% for O/Mg, 
and 46% for O/Si; for the other elements, we only estimated upper limits. 


Elements 


O/Ne 


Abundance ratio 


25 


we estimated the distance of the star as 360 + 
50 pc (see the supplementary materials). This is 
close enough that a more accurate distance, and 
therefore mass, should be determined once the 
Global Astrometric Interferometer for Astrophysics 
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>794 


(GAIA) parallaxes become available in the next 
few years. 

Carbon burning occurs at a temperature around 
T = (8 to 12) x 10° K, corresponding to center- 
of-mass energies from 1 to 3 MeV (J6). Classical 


single-star evolution theory predicts that an 
O/Ne/Mg core composition is only produced in 
massive stars originally between 6 and 10.6 Mo, 
which reach sufficiently high core temperatures 
to proceed to C burning (77-23). Such high-mass 
main-sequence stars would result in massive (M > 
1M.) white dwarf stars (24). 

Single-star simulations (25) show that there is 
another possible evolutionary path. If there is a 
particularly violent very late thermal pulse during 
the post-asymptotic-giant-branch phase, it can 
destroy the remaining stellar envelope contain- 
ing He and H. Recent simulations show that the 
lowest mass for C ignition occurs for a hybrid 
model, a C/O core surrounded by an O/Ne/Mg 
layer, in turn surrounded by a C/O/He/H enve- 
lope (22, 23). In their model of an initial 5.5 Mo, 
the off-center C ignition does not reach the cen- 
ter, because convective boundary mixing (over- 
shooting) causes the stalling of the C flame. In 
that model, the C burning ignited near the 0.3 Me 
mass coordinate and propagated upward until 
the first convective burning was initiated. If the 
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upper layers are lost, the star would be left with 
an O/Ne/Mg envelope (an oxygen-neon white 
dwarf), as we observe. For the complete removal 
of the H/He/C envelope, a late C-shell flash, 
strong mass loss, and/or close binary evolution, 
including mergers of white dwarfs, are possible 
scenarios. That several different scenarios for the 
late evolution might be needed is also suggested 
by the discussion of progenitor types and evolu- 
tionary paths observed in type Ia supernovae 
(26-29). 

Distinct from hot pre-white dwarfs with oxygen 
lines (4) and cool oxygen line spectra white dwarfs 
(0, 11), which have C and He rich atmospheres, 
we have found a star with oxygen 25 times more 
abundant than any other element, by number, 
the only one known among the roughly 32,000 
SDSS white dwarf stars (13). Time-series spec- 
troscopy of the object will be required to search 
for a close binary companion, which could point 
toward the evolutionary path of such a rare object. 
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COLLOIDAL ORDERING 


Triclinic nematic colloidal crystals 
from competing elastic and 
electrostatic interactions 


Haridas Mundoor,’ Bohdan Senyuk,' Ivan I. Smalyukh””’?* 


The self-assembly of nanoparticles can enable the generation of composites with 
predesigned properties, but reproducing the structural diversity of atomic and molecular 
crystals remains a challenge. We combined anisotropic elastic and weakly screened 
electrostatic interactions to guide both orientational and triclinic positional self-ordering 
of inorganic nanocrystals in a nematic fluid host. The lattice periodicity of these 
low-symmetry colloidal crystals is more than an order of magnitude larger than the 
nanoparticle size. The orientations of the nanocrystals, as well as the crystallographic axes 
of the ensuing triclinic colloidal crystals, are coupled to the uniform alignment direction 
of the nematic host, which can be readily controlled on large scales. We examine colloidal 
pair and many-body interactions and show how triclinic crystals with orientational ordering 
of the semiconductor nanorods emerge from competing long-range elastic and 


electrostatic forces. 


ince Einstein’s seminal work on Brownian 
motion and Perrin’s subsequent experiments 
(D, which showed that particles in colloidal 
dispersions obey the same statistical thermo- 
dynamics as atoms, the colloid-atom anal- 
ogy has provided insights into the physics of 
atomic systems through its application in studies 
exploring the dynamics of colloidal crystals and 
glasses (2). This analogy has inspired the devel- 
opment of forms of self-assembly that attempt to 
reproduce the diversity of atomic crystals (3), al- 
though experimental realization of colloidal archi- 
tectures with low symmetry, such as triclinic 
systems, remains challenging. At the same time, 


‘Department of Physics and Soft Materials Research Center, 
University of Colorado, Boulder, CO 80309, USA. 
Department of Electrical, Computer, and Energy 
Engineering, Materials Science and Engineering Program, 
University of Colorado, Boulder, CO 80309, USA. 
5Renewable and Sustainable Energy Institute, National 
Renewable Energy Laboratory and University of Colorado, 
Boulder, CO 80309, USA. 

*Corresponding author. E-mail: ivan.smalyukh@colorado.edu 


the self-assembly of colloids can be designed and 
controlled by exploiting aspects of particle shape 
(4) and topology (5), the dispersing medium’s an- 
isotropy (6) and composition (7), DNA function- 
alization and origami-like designs (8), and the 
facile response of particles and media to external 
fields (9, 10). Long-range interactions are of 
special interest, because they can lead to the 
sparse but ordered assembly of colloidal com- 
posites with unusual physical behavior (9). Long- 
range electrostatic repulsions in fluids with low 
ionic strength (10-13) have been used to obtain 
crystals and plastic crystals with high-symmetry 
colloidal lattices. These electrostatic interactions 
remain relatively isotropic at large separations, 
despite anisotropic particles shapes (10). In ne- 
matic liquid crystal (NLC) hosts, highly aniso- 
tropic long-range colloidal interactions arise from 
the minimization of free energy associated with 
particle-induced elastic distortions of the NLC 
molecular alignment, even when particles are 
spherical (6, 14-16), although the ability to con- 
trol the shape of particles provides a means of 
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guiding self-assembly (77). The diversity of elastic 
interactions, which commonly resembles that of 
electrostatic dipolar and quadrupolar charge dis- 
tributions (6, 14, 17), has enabled colloidal self- 
assembly of lamellae and dipolar crystals (78, 19), 
although the interparticle spacing in these lamellar 
and crystalline assemblies could be controlled only 
within a range comparable to the particle sizes. 
We demonstrate that competition between 
long-range electrostatic and elastic interactions 
leads to a highly unusual self-organization of rod- 
like nanoparticles that exhibits both long-range 
orientational and triclinic positional ordering. 
The micrometer-range colloidal crystal lattice pa- 
rameters of these assemblies, as revealed by three- 
dimensional (3D) optical imaging, are an order 
of magnitude larger than the size of the constit- 
uent colloidal semiconductor nanorods (30 x 
150 nm; fig. S1). We characterized pair inter- 
actions between nanorods and the structure and 
dynamics of their dispersions at different surface 
charges and volume fractions. Although various 
dislocations, grain boundaries, vacancies, and 
other defects are observed in these “soft” crystals, 
the crystallographic axes of triclinic lattices and 
colloidal nanorods tend to follow the direction of 
the alignment of rod-like molecules of the NLC 
host fluid. This preferred orientation of rod-like 
molecules is dubbed the “director” n, which can 
be controlled on large scales by using approaches 
similar to those used to manufacture displays. 
The mechanical coupling between the orientations 
of the nanorods, the lattice, and the director is due 
to elastic free-energy minimization at well-defined 
nanorod and triclinic colloidal crystal orientations 
relative to a far-field director Mg and confining 
surfaces; it thus has the potential to enable device- 
scale self-assembly of tunable composites. 
Semiconductor nanorods with the composition 
B-NaYo.Gdo3Ybo1gETo.o2F 4, engineered to have rod- 
like geometric shapes and polarized up-conversion- 
based luminescence properties (Fig. 1 and fig. S1), 
were synthesized using a hydrothermal method 
(20-23). The dispersion of nanorods in the NLC 
host (9, 21) was facilitated by surface functional- 
ization of as-synthesized particles (20-23). In a typ- 
ical process, 6 mg of initially oleic acid-capped 
nanorods in 8 ml of cyclohexane were added to 
4 ml of deionized water with a small amount of 
hydrochloric acid to yield a pH of ~4, then stirred 
for 2 hours. During this process, oleic acid ligands 
became protonated and mixed with cyclohexane, 
leaving bare uncapped nanorods with positive sur- 
face charges (27-23). The nanorods were then 
washed with acetone four to five times, redispersed 
in water, and subsequently coated with methoxy- 
poly(ethylene glycol)silane (Si-PEG) (27). Typical- 
ly, 5 mg of Si-PEG dissolved in 1 ml of ethanol was 
mixed with 5 ml of nanorod dispersion in deionized 
water (pH ~4) and stirred for 2 hours. After the 
reaction, particles were precipitated by centrifu- 
gation, dispersed in ethanol, and then redis- 
persed in a pentylcyanobiphenyl (5CB) NLC host 
via mixing and subsequent solvent evaporation 
at an elevated temperature of 70°C; the NLC com- 
posite was then quenched to room temperature 
while vigorously stirring (9, 27). NLC dispersions of 
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nanorods were infiltrated into glass cells by means 
of capillary action. For planar boundary conditions 
for n, inner surfaces of cell substrates were coated 
with aqueous polyvinyl alcohol (1 weight %) and 
rubbed unidirectionally. The cell gap thickness 
within 15 to 60 um was set using Mylar films. The 
surface charging of particles was characterized by 


probing their electrophoretic mobility within the 
aligned NLC cell under an electric field that was 
applied to in-plane electrodes (fig. S2). We con- 
trolled the effective positive surface charge per 
nanorod within Z*e ~ +(60 to 250)e (22), the 
Debye screening length Ep in the nonpolar 5CB 
within 0.1 to 1.2 um, and the nanorods’ surface 
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Fig. 1. Triclinic crystal self-assembly of nanorods in a NLC host. (A) Dark-field micrograph of a crystal 
assembly with lattice parameters a; = 130 + 0.05 um and az = 1.01 + 0.05 um (scale bar, 5 wm). (B) 3D 
micrograph showing luminescence from a small part of a triclinic colloidal crystal, which was recon- 
structed from slow confocal microscopy scanning (obtained within ~3 min). It shows nanorod arrange- 
ments as they sense the potential energy landscape near their minimum-energy lattice sites. The 
luminescence signals from individual nanorods are shown in red, green, and blue to illustrate the 
locations of particles in three consecutive planes parallel to confining glass substrates. The bottom inset 
shows center-of-mass positions of building blocks in a triclinic crystal with the same lattice. The lattice 
parameters, based on averaging 18 independent local measurements, are as follows: a; = 1.49 + 0.06 um, 
a2 = 0.95 + 0.05 um, a3 = 1.20 + 0.05 um, a = 58° + 2°, B= 69° + 2°, and y = 49° + 2° [the angles a, B, 
and y are defined in (H)]. (C) Probability (P) distribution for finding nanorods at a depth x in the 
sample, relative to the center of the first colloidal layer parallel to the substrates (where x = 0). This 
distribution was calculated based on 3D luminescence imaging. (D) Luminescence intensity at 552 nm 
versus analyzer rotation between 0° and 180°. The inset shows a scanning electron microscopy image 
of the nanorods (scale bar, 50 nm). (E) Schematic illustration of director distortions (blue) around a 
single nanorod (yellow), with the red hemispheres at the poles depicting two particle-induced 
boojums. These quadrupolar elastic distortions are axially symmetric with respect to the nanorod 
axis (parallel to ng) and have mirror symmetry planes both parallel and orthogonal to no. (F) 3D micro- 
graph showing a primitive unit cell of a triclinic colloidal crystal, which was reconstructed from confocal 
scanning. Coloring is as in (B). (G to I) Schematics (not to scale) of a primitive cell of a triclinic colloidal 
crystal, (G) showing local director distortions (blue lines) induced by nanorods, (H) defining the parameters 
of a triclinic lattice, and (1) showing the lattice unfolded. 
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potential By = Z*eEp/[epe@nr + 4thyEp)] (3) 
within 28 to 129 mV; here, Z* is an effective 
number of elementary charges e = 1.6 x 10°? C, 
and Qy,, dnr, €, and €9 are the nanorod surface 
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Fig. 2. Ordering of nanorods in 5CB. (A) Radial 
distribution function g(rec) for nanorod disper- 
sion in the isotropic phase, consistent with the 
presence of long-range, repulsive, weakly screened 
electrostatic interactions. The inset shows pair 
potentials extracted from these data and fit by 
a screened Coulomb interactions potential (kp, the 
Boltzmann constant; T, an absolute temperature) 
(22). (B and C) g(r.-) for nanorod dispersion in the 
nematic phase at (B) a low py of ~0.35 um? and 
(C) ahigh py of ~4.5 um”, with emergent triclinic 
crystal ordering in the latter case. The normalized 
2(lec) (red) in (C) was calculated for the (100) plane 
of an ideal triclinic lattice with average dimensions 
determined from experiments; it serves as a visual 
guide for the corresponding experimental peaks. 
(D) Probability distribution goi0(rcc), calculated for 
the experimental triclinic lattice along a2 by averaging 
data for the [010] and [010] directions. Numbers 
above the peaks indicate distances corresponding to 
integer numbers of lattice parameters a; and ap. 
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area, nanorod length, average dielectric constant 
of 5CB, and vacuum permittivity, respectively (22). 

Dark-field and polarizing optical microscopies 
show the positional ordering of nanorods (Fig. 
1A) and NLC alignment along np (fig. S3). The 
background-free 3D distribution of confocal lu- 
minescence from the nanorods, derived from an 
up-conversion process and collected while slow- 
ly scanning an infrared excitation laser beam 
(22), reveals colloidal crystals (Fig. 1, B, C, and 
F). During this 3D imaging, the nanorods sense 
the potential landscape and jiggle around their 
minimum-energy triclinic lattice sites (Fig. 1B). 
To investigate the orientations of nanorods with- 


in the lattice, we measured luminescence inten- 
sity while rotating the analyzer with respect to No 
(Fig. 1D). At all studied concentrations, the in- 
tensity of emission at 552 nm was greatest when 
the analyzer was parallel to no, indicating that 
the nanorods align along ng (fig. S1), as sche- 
matically depicted in Fig. 1E. This nanorod orien- 
tation is consistent with minimization of the total 
bulk elastic and surface anchoring free energy of 
NLCs around PEG-functionalized nanoparticles 
(9). Weak quadrupolar particle-induced elastic 
distortions are present in the NLC bulk, and the 
director orientation at the nanorod surfaces is 
compliant with tangential boundary conditions, 


¢ 
n 
S . at 3 Q = 49° "A, = 
S04 ‘ ~> g tix 
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Fig. 3. Pair interactions between nanorods. (A) A representative DHPSF micrograph showing nanorods 


in 5CB at different depths of the cell, corresponding to different orientations of bright-lobe pairs 1 and 2 
(marked by red arrows) (25). (B) Schematic of two nanorods with fc tilted with respect to no and the 
substrates, as characterized by angles 6 and . (C) Typical changes in 6 and 6 over time t. (D) Probability 
distribution for measured 6; the red line is a Gaussian fit. (E) 3D positions of two nanorods over time, 
characterized with <10-nm precision and depicted by red (nanorod 1) and black (nanorod 2) open 
circles. The positions are shown projected onto the zx and zy planes, in which corresponding symbols x 
(nanorod 1) and + (nanorod 2) are colored according to the elapsed time. (F) Pair interaction potentials 
extracted from experimental data and fit with the sum of screened electrostatic and elastic 
potentials (green line). Dashed lines represent the electrostatic repulsive (red) and elastic attractive 
(blue) potentials. The top inset shows a close-up view near the potential well minimum. The bottom inset 
shows how the directions of the elastic force F., (blue arrows) and screened Coulomb electrostatic 
repulsion force Fc (red arrows) depend on the angle between rg. and no. 
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except for the small surface point defect regions 
of discontinuity in the director field at the particle’s 
poles, dubbed “boojums.” By combining the nano- 
rod orientation and position data, we experimen- 
tally identified a primitive lattice cell, based on 
confocal luminescence distributions from eight 
representative nanorods (Fig. 1F), and then re- 
constructed a triclinic pinacoidal lattice (Fig. 1, G 
to I), which allows for only the center inversion 
symmetry operation (24). 

By examining nanorod displacements over 
time with video microscopy in dark-field and up- 
conversion luminescence modes, we obtained the 
viscous drag coefficients (fig. S4) and the radial 
distribution function g(7..) (where 7,, is a center- 
to-center separation between nanorods) in both 
nematic and elevated-temperature isotropic phases 
(Fig. 2). Purely repulsive, direction-independent 
interactions are evident in the isotropic phase 
of the nematic host at 40°C (Fig. 2A). Once the 
host is cooled to the nematic phase at 28°C, g(7¢c) 
reveals attractive forces in both dilute and con- 
centrated dispersions (Fig. 2, B and C). To explore 
the pair interactions between nanorods, we stud- 
ied the trajectories of two particles that were 
brought close to each other with optical tweezers 
and then released (22). We used double-helix 
point spread function (DHPSF) microscopy (Fig. 3) 
(22, 25) to find the 3D positions of nanorods with- 
in the cell over time with 7- to 10-nm precision 
(25), as well as to characterize the corresponding 
orientations of their center-to-center separation 
vector Fr, relative to No. The nanorods equilibrate 
at micrometer-scale pair separations and with r,, 
tilting away from the sample plane while circum- 
scribing a cone of 0 = 49° + 4° around ny; this 
would be impossible to quantify in 3D without 
DHPSF (Fig. 3, A to E). The pair interaction forces 
are highly anisotropic and long-ranged, and the 
angular distribution of r,, orientations is con- 
sistent with the cone of maximum-attraction 
angles expected for colloidal elastic quadrupoles 
(Fig. 3) (4-16). Particle tracking gives the aniso- 
tropic distribution of nanorod displacements with- 
in equal intervals of elapsed time and gives the 
pair-interaction potential with a well-pronounced 
energetic minimum (Fig. 3F). Because the at- 
tractive van der Waals forces between nanorods 
are negligible at the relevant r,, (2, 22, 26)— 
which is consistent with the fact that only repul- 
sions persist when the host is heated to the iso- 
tropic phase (Fig. 2A)—we attribute this minimum 
in pair-interaction energy to the competition of 
elastic and electrostatic interactions. Considering 
the classical use of multipolar expansions in both 
nematic elasticity and electrostatics (1, 2, 14), we 
used their leading terms (i.e., a monopole for 
electrostatics, because of the surface charging of 
nanorods, and a quadrupole for nematic elast- 
icity, because of the director distortions shown 
in Fig. 1E) to model these interactions. The total 
potential can be approximately described as a 
superposition wu * wc + Ue of the quadrupolar 
elastic (w.) and the electrostatic screened Coulomb 
(uc) interaction potentials (2, 22, 27). This yields 
U(Tee) = (Ai/Tec)€XP(—Tee/Ep)+ Ay (9 - 90 cos” 6 

+105 cos* 6)r->, where A, and Ay, are fitting 


cc? 
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parameters that are dependent on the size and 
charging of nanorods and on alignment, elastic, 
and dielectric properties (22). This expression 
fits well the distance dependence of the exper- 
imental potential (Fig. 3F) and explains the equi- 
librium orientation of rz, at 8 ~ 49° + 4° to No. 
The Debye screening length Ep = 0.34 tm, derived 
from A, in u(7,,) (22), matches the Ep that was 
independently obtained from fitting the re- 
pulsive electrostatic potential in the isotropic 
phase of 5CB, in which elastic forces vanish (inset 
of Fig. 2A). The strength of the elastic quadrupole 
moment derived from A, and the correspond- 
ing material parameters, such as elastic con- 
stants and anchoring coefficients, are consistent 
with theories of quadrupolar elastic interactions 
and independent experimental measurements 
(14-16, 22). 

As the concentration of nanorods increases, 
they exhibit gas-, liquid- and glass-like struc- 
tural organizations, and crystalline order (Fig. 
land figs. S5 to S7) emerges at concentrations 
that are roughly consistent with the average 
equilibrium separations in colloidal pairs and 
lattices (Figs. 1 to 3). Within the (100) crystal- 
lographic planes (Figs. 1 and 4A and table S1), re. 
tends to align at angles of ~49° to mo, similar 


A 


to the orientation of the center-to-center separa- 
tion vector of pairs of nanorods. By analyzing 
particle displacement distributions associated 
with different lattice sites in the triclinic col- 
loidal crystal (Fig. 4B), we gained insight into 
the corresponding energy landscape (Fig. 4C) 
and obtained the average spring constant of 
the crystal, & = 0.63 pN um". Translational or- 
der in our triclinic lattices (Fig. LA) is quantified 
by 2(Tcc) (Fig. 2C) and the one-dimensional prob- 
ability distribution function g010(7¢<) (Fig. 2D), 
which is calculated along the direction of crys- 
tallographic axis a (Fig. 1, H and I). We char- 
acterized the two-dimensional mean square 
displacement (MSD, (Ary) of the nanorods as a 
function of time ¢ (Fig. 4D, inset). We then used it 
to estimate the so-called Lindemann parameter 
8L = [3(Ar2(t — 00)) /472,] 2, where yn is the 
crystal nearest-neighbor equilibrium distance and 
(Ar?(t + 00)) is the asymptotic value of the time- 
dependent MSD (Ar*(Z)) used for the estimate. 
This parameter is commonly used to characterize 
crystallization and melting transitions in terms 
of the MSD of particles around their ideal lattice 
positions, as compared with their nearest-neighbor 
distance. Plotting the Lindemann parameter against 
the nanorod number density py (Fig. 4D) shows 


Py=4.5 pr? 


MSD (10-2 jum?) 


Fig. 4. Characterization of triclinic colloidal crystals. (A) Probability distribution of an angle @ (inset; 
yellow rectangles represent nanorods) measured in the (100) plane of a colloidal crystal. Its Gaussian fit 
is shown in red. (B) Probability distributions of positions within four lattice sites in the (100) plane of a 
triclinic crystal and (C) the corresponding potential landscape. The inset in (C) shows a dependence of 
the relative potential energy experienced by nanorods on local distance A. (D) Lindemann parameter 6L 
versus nanorod number density py. The inset shows MSDs of nanorods over time t at py = 1.4 um? 


(upright triangles) and 4.5 um”? (inverted triangles). 
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that its concentration-dependent behavior and 
values correspond to a crystallization transition 
that is consistent with that found in other con- 
densed matter systems (28). A thermal expansion 
of ~0.01°C of the lattice (fig. S8) stems from 
the decrease of an average NLC elastic constant 
K and quadrupolar elastic forces as temperature 
increases (K decreases by a factor of ~3 when the 
composite is heated from room temperature to 
~34°C) (22). 

Nanorods can be electrically concentrated and 
ordered starting from dilute initial dispersions 
(fig. S9), similar to the crystallization of hard 
sphere-like colloids when subjected to electro- 
phoretic or dielectrophoretic forces (29). The 
triclinic crystal order is facilitated by applying 
300 to 900 mV to transparent electrodes on in- 
ner substrates of the cell, which is lower than 
the threshold voltage needed for NLC switching. 
In response to these dc fields, the positively 
charged nanorods slowly move toward a nega- 
tive electrode as a result of electrophoresis and 
eventually form a crystal as their concentration 
uniformly increases (fig. S9). These low voltages 
also facilitate uniform alignment of crystalline 
nuclei and healing of defects; in addition, they 
induce a giant electrostriction of the triclinic 
lattice, with ~25% strain at fields of 0.03 V um™ 
(fig. S8B). Because NLC is switched at ~1 V (9, 20), 
colloidal crystal lattice orientations can be re- 
configured while following the rotation of the 
director, although these processes are slow and 
complex. Electric fields, confinement in thin cells 
(thicknesses <15 um) that are incompatible with 
an integer number of primitive cells in the col- 
loidal crystal, variations in nanorod concentra- 
tions that exceed the range accommodated by 
an equilibrium triclinic lattice, and temperature 
changes control the primitive cell parameters 
(table S1) and prompt the formation of defects 
ranging from edge dislocations (fig. S11) to va- 
cancies and grain boundaries (2, 22, 30). 

We have introduced a highly tunable and re- 
configurable colloidal system with competing long- 
range elastic and electrostatic interactions that 
lead to triclinic pinacoidal lattices of orientation- 
ally ordered nanorods. This unexpected triclinic 
crystallization of semiconductor particles at pack- 
ing factors <<1% shows potential for the self- 
assembly of a wide variety of mesostructured 
composites on device-relevant scales, which can 
be tuned by weak external stimuli such as low- 
voltage fields and very small temperature changes. 
The control of particle charging allowed for 
tuning of the triclinic lattice periodicity between 
0.5 and 1.6 um, a range which can be extended by 
tuning the strength of electrostatic interactions 
through doping or deionizing NLCs (10-13) or 
through using nematics with different properties. 
Considering that dipolar and other multipolar 
elastic colloidal interactions in NLCs can be in- 
troduced and guided by controlling the bound- 
ary conditions at particle surfaces, and given that 
the control of NLC elastic constants may alter the 
angular dependencies of these interactions (22), 
our study sets the stage for explorations of meso- 
scopic colloidal positional and orientational or- 
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dering that can enable the engineering of material 
properties through spontaneous ordering of 
nanoparticles. 
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ELECTROCATALYSIS 


Tuning the activity of Pt alloy 
electrocatalysts by means of the 
lanthanide contraction 


Maria Escudero-Escribano,”?* Paolo Malacrida,’ Martin H. Hansen,”* 
Ulrik G. Vej-Hansen,”? Amado Velazquez-Palenzuela,’ Vladimir Tripkovic,””* 
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The high platinum loadings required to compensate for the slow kinetics of the oxygen 
reduction reaction (ORR) impede the widespread uptake of low-temperature fuel cells in 
automotive vehicles. We have studied the ORR on eight platinum (Pt)—lanthanide and 
Pt-alkaline earth electrodes, Pt;M, where M is lanthanum, cerium, samarium, gadolinium, 
terbium, dysprosium, thulium, or calcium. The materials are among the most active 
polycrystalline Pt-based catalysts reported, presenting activity enhancement by a factor of 
3 to 6 over Pt. The active phase consists of a Pt overlayer formed by acid leaching. The ORR 
activity versus the bulk lattice parameter follows a high peaked “volcano” relation. We 
demonstrate how the lanthanide contraction can be used to control strain effects and tune 
the activity, stability, and reactivity of these materials. 


o reduce the Pt loading at the cathode of 
polymer electrolyte membrane fuel cells 
(PEMFCs), researchers have intensively 
studied alloys of Pt with late transition me- 
tals such as Ni or Co as oxygen reduction 
reaction (ORR) electrocatalysts (J-6). Catalysts ex- 
hibiting even greater activity and stability could 


be designed through the identification of the de- 
scriptors that control the performance (7-10). One 
single descriptor controls ORR activity, the AEor 
binding energy, by way of a Sabatier volcano: An 
AEou ~0.1 eV weaker than Pt(111) yields the op- 
timum value (17). Other indirect descriptors related 
to AEoy include the d-band center (72), the Pt-Pt 
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interatomic distance (4) and the generalized coor- 
dination number (8). Stability is a multiparametric 
challenge, hence requiring several descriptors, 
such as the alloying energy EF, (11, 13), and dis- 
solution potential (74, 15). 

Our earlier studies identified alloys of Pt and 
rare earths, in particular Pt,Y and Pt,Gd, as active 
and stable catalysts for oxygen reduction, both in 
the bulk polycrystalline (77, 16) and nanoparticle 
(NP) form (17, 18). The exceptionally negative E, 
of Pt-rare earth alloys should increase their re- 
sistance to degradation (11, 13). In contrast, more 
commonly studied ORR alloys, such as Pt-Ni or 
Pt-Co, typically degrade in long-term tests via de- 
alloying (19, 20). Nevertheless, new forms of Pt- 
Ni-based catalysts achieve exceptional activity and 
stability during short-term accelerated degradation 
tests (5, 21, 22). Nonetheless, engendering long- 
term stability in fuel cells (20) may require ma- 
terials that are inherently less prone to dealloying. 
Because the rare earth (e.g., Y or Gd) is unstable 
against dissolution, a Pt overlayer is formed on the 
surface, as shown on Fig. 1, A and B. We showed 
that on Pt,Gd and Pt,Y NPs, the bulk compressive 
strain correlated strongly with increased ORR ac- 
tivity; this result suggested that the bulk strain is 
imposed onto the Pt surface atoms, weakening 
AEou (23). These observations led us to conjecture 
that other Pt-lanthanide alloys, exhibiting more 
optimal levels of compression, would reach the 
peak of the Sabatier volcano. Here, we show how 
the decreased radius of the lanthanides with in- 
creased filling of the f-shell—i.e., the lanthanide 
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During 
sputter-cleaning 


Acid 
I 


electrochemistry 


contraction—provides us with a route to engineer 
such compression. We have systematically studied 
activity and stability trends of Pt;La, Pt;Ce, Pt;Sm, 
Pt;Gd, Pt;Tb, Pt;Dy, Pt;ITm, and Pt;Ca, using a 
combination of experiments and theory to explain 
our observations. 

We evaluated the electrocatalytic properties of 
sputter-cleaned polycrystalline Pt;M electrodes by 
rotating disk electrode (RDE) voltammetry in O.- 
saturated 0.1 M HCIlO,. We chose a Pt:M ratio of 
5:1 because we could obtain a consistent series of 
alloys with the same structure, allowing for a sys- 
tematic investigation. Furthermore, it corresponds 
to the phase that is most Pt-rich and stable (16). 
At 0.9 V, Pt;Tb is the most active polycrystalline 
Pt-based catalyst reported. All of the materials ex- 
hibited activity enhancement by a factor of 3 to 6 
over pure Pt (see figs. S5 and S6 and table S1 in 
the supplementary materials). The overall elec- 
trocatalytic ranking of ORR activity of polycrys- 
talline Pt alloys is shown in fig. S6: Pt;Tb > Pt;Gd ~ 
PtsY > Pt;Sm > Pt;Ca ~ Pt;Dy > Pt;Tm > Pt;Ce > 
Pt;Y ~ Pt;La >> Pt (6, 11, 16), demonstrating that 
these alloys accelerate the ORR more effectively 
than other polycrystalline Pt alloys. PtzCo and 
Pt,Ni alloys prepared this way exhibited enhance- 
ment only by a factor of 2 (12, 24). Accelerated 
stability tests consisting of 10,000 consecutive cy- 
cles between 0.6 and 1.0 V versus a reversible hy- 
drogen electrode (RHE) were performed after the 
initial ORR activity measurements. The electro- 
chemical experiments are summarized in figs. S3 
to S11. Figure 1C reports the ORR activities before 
and after the stability test for all the Pt alloys and 
pure Pt. Apart from Pt;Ca (which has a lower E,), 
all of the Pt-lanthanide alloys retained enhance- 
ment by a factor of 3 over pure Pt after the ac- 
celerated stability test. Notably, Pt;Gd exhibited 
a residual activity that was 5 times as great as that 
of pure Pt. 

We characterized the structure and chemical 
composition of the electrocatalysts by x-ray dif- 
fraction (XRD) and x-ray photoelectron spectros- 
copy (XPS) in order to explain our experimental 
observations. All of the alloys formed stable inter- 
metallic compounds with a hexagonal structure 


oO 


j, (0.9 V vs. RHE) / mA cm™ 


(figs. S1 and S2 and table S1), in agreement with 
previous reports (25). The XRD data suggest that 
the polycrystalline alloys may show different de- 
grees of preferential orientation in the bulk (figs. 
S1 and S2). However, by presputtering the elec- 
trodes, we minimize any differences in surface 
orientation between the samples under investi- 
gation. Moreover, based on Watanabe and co- 
workers’ in situ scanning tunneling microscopy 
measurements on sputter-deposited Pt-Fe (26), 
we expect the acid-leached Pt overlayers to be 
dominated by (111) terraces, typically the most 
stable facet termination (27). Most of the ele- 
ments in the bulk Pt;M alloy form a so-called 
kagome layer (6, 16) (Fig. 2 and fig. S16), with a 
nearest-neighbor Pt-Pt distance dpi-p, = a/2. 
The lattice parameter a and hence dp;-p; decreased 
from left to right in the lanthanide series (Fig. 2). 

Figure 3, A and B, show the angle-resolved XPS 
(AR-XPS) depth profiles on sputter-cleaned Pt;Tb 
before and after electrochemical measurements. 
For each of the alloys, the Pt to M ratio increased 
substantially, especially at the most surface- 
sensitive angles, as shown for Pt;Tb on Fig. 3C, 
after initial electrochemistry measurements, con- 
firming the formation of a Pt overlayer. The depth 
profile of Fig. 3B showed that, even after accel- 
erated stability tests, this structure was maintained, 
demonstrating the stability of these materials upon 
potential cycling. 

To quantitatively interpret our XPS data (for 
details, see section S4 of the supplementary ma- 
terials and figs. S12 to S15), we evaluated the mean 
Pt overlayer thickness for the alloys. Figure 3D 
shows how it varied for both the initial ORR ac- 
tivity and after stability tests as a function of the 
bulk lattice parameter a. The overlayer thickness 
after the initial testing varied little between the 
different alloys. However, after stability tests, the 
mean Pt overlayer generally increased from Pt;La 
to Pt;Tb [Pt;Ca lies out of the scale; the initial Pt:M 
ratios for Pt;Ca, Pt;Sm, and Pt;Dy were in fact 
higher than those expected from the nominal bulk 
stoichiometry (fig. $13), thus inhibiting a precise 
calculation of the overlayer thickness]. This differ- 
ence could explain the anomalous behavior of 


~ 
After 10000 
cycles 


Pt 


Fig. 1. Schematic views and electrochemical properties of polycrystalline Pts;M (M = lanthanide or alkaline earth metal) electrocatalysts. Three- 
dimensional view of the PtsM structure (A) during sputter-cleaning and (B) after electrochemistry. (C) Kinetic current density, j,, of PtsM and Pt at 23°C, 1600 
revolutions per minute in Oz-saturated 0.1 M HCIO,, before and after a stability test consisting of 10,000 cycles between 0.6 and 1.0 V versus RHE at 100 mV s7. 
The activity of PtsCa after the stability test has been normalized considering the increase of area after the test (See section S3.4 in the supplementary 
materials). The value normalized by the geometric area (dotted line) is shown for comparison. 
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Fig. 2. Structure of Pt;M. 
(A and B) Schematic view of 
the bulk structure of a PtsM 
(illustrated for PtsTb), 
showing PtsTb terminated by 
(A) a Pt and Tb intermixed 
layer and (B) a Pt kagome 
layer. Purple spheres repre- 
sent Tb atoms, and gray 
spheres represent Pt atoms. 
Under ORR conditions in an 


2.0 21 acidic environment, one to 


two layers of M will be leached 
out, leaving three to five layers 
of Pt, as shown on Fig. 1B. 


(C) Relation between the lattice parameter a of PtsM measured by XRD (table S1) and the covalent radius of the lanthanide atoms (31). The dotted line shows 
the linear fit. The upper part of the figure shows the lanthanide contraction across the lanthanide series, the covalent radii decreasing in the same direction as 
dpy-pe. The error in a corresponds to the uncertainty in the fit (table S1), whereas the error in the covalent radius corresponds to the estimated standard 


deviation from (31). 
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Fig. 3. XPS profiles before and after electro- 
chemistry and Pt overlayer thickness as a func- 
tion of the lattice parameter and activity loss. 
(A and B) AR-XPS profiles of polycrystalline Pts Tb 
(A) as prepared and (B) after initial ORR activity 
(solid line) and after stability test (dashed line). 
(C) Pt to Tb atomic ratios in PtsTb from AR-XPS 
during sputter cleaning, after ORR initial activity, 
and after stability test. (D) Estimated average thick- 
nesses of the Pt overlayer for Pts;Tm, PtsDy, PtsTb, 
PtsGd, PtsCe, and PtsLa after initial ORR activity 
and after stability test (taken from Fig. 1C), as a func- 
tion of a lattice parameter [PtsDy is shown as a 
hollow symbol to demarcate it as an outlier, likely 
because its as-prepared composition was inconsistent 
with that of the bulk (fig. S13)]. (E) Percentage of 
activity loss after stability test as a function of the 
Pt overlayer thickness. (F) Slab stability represented 
as dissolution potential versus the strain of the 
Pt overlayer on PtsM (from experimental lattice 
parameter a). 


Fig. 4. Experimental volcano- 
type relationships between 
activity, H adsorption, and 
Pt-Pt distance. (A) Kinetic cur- 
rent density at 0.9 V (taken from 
Fig. 1C) on polycrystalline PtsM 
electrocatalysts versus the lattice 
parameter a of bulk PtsM (lower 
axis) and bulk dpt-p_ (upper axis), 
respectively. The figure shows the 
kinetic current density, j,, of the 
alloys after the initial ORR activity 
(dark gray squares) and after 
10,000 cycles of the stability test 
(colored circles). The dotted and 
dashed lines represent the exper- 
imental trends resulting after ini- 
tial ORR activity and after stability, 
respectively. The activity of PtsCa 
after 10,000 cycles has been nor- 


malized to account for the increase of area after the stability test. (B) Relation between the potential necessary to adsorb 1/8, 1/6, 1/4, and 1/3 monolayers 
(ML) of H (Uy) from the cyclic voltammograms (CVs) in the H adsorption region in N2-saturated 0.1 M HClO, on PtsM (Fig. S5) and pt-pt. 
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these alloys, relative to the overall trend. The ac- 
tivity loss also correlates with the thickness of the 
overlayer (Fig. 3E) (3). Our density functional 
theory (DFT) calculations on the stability of dif- 
ferent Pt overlayers, expressed as dissolution po- 
tential, show that the stability decreases as the 
compressive strain increases (Fig. 3F)—i.e., strain 
is a stability descriptor. We attribute the appar- 
ent thickening of the Pt overlayer with cycling to 
surface diffusion processes (28); bulk diffusion of 
lanthanide atoms through the overlayer will be 
strongly impeded by the strength of FE, (13). The 
strain-induced destabilization of the Pt overlayer 
could facilitate surface mobility (28), providing a 
channel for the dissolution of any residual lan- 
thanide atoms in close vicinity to the surface. In 
summary, Fig. 3, D to F, shows that the overlayer 
thickness, activity losses, and thermodynamic sta- 
bility are all a function of the bulk lattice param- 
eter: Increased strain destabilizes the Pt overlayer 
and thus accelerates surface diffusion. 

Figure 4A is a plot of the ORR activity as a 
function of the lattice parameter, a and dp;.p;.- 
Notably, all nine compounds, including the 
Pt-lanthanides and Pt;Ca, follow the same volcano- 
type trend, with Pt;Gd and Pt;Tb at the apex. Be- 
cause AEoy, is likely correlated with dp, (3), 
the most trivial explanation for this trend is that 
the plot represents a Sabatier volcano: Alloys 
on the left bind OH too weakly, whereas on the 
right hand they bind AEoy; too strongly (as de- 
scribed by the DFT calculations in figs. S17 and 
$18). Alternatively, beyond a certain level of bulk 
strain, the overlayer could be unstable, causing 
the dp;-p; of the overlayer to relax toward a much 
lower level of surface strain. On single crystals, 
the destabilization is manifested as a positive 
shift in the “reversible” voltammetric peak for 
OH adsorption (J, 10); however, we do not observe 
this shift on our polycrystalline materials, pre- 
sumably because of hysteresis (electrochemical 
“irreversibility’) or possibly coadsorption of OH 
and O. Conversely, the lanthanide contraction 
results in a clear voltammetric shift for the H 
adsorption region (figs. S3 and S4), plotted on 
Fig. 4B, which resembles the activity volcano, with 
PtsTb exhibiting the maximum destabilization 
of adsorbed H. Notably, we also observe a linear 
relation between the experimental activity and 
the potential shift in the H adsorption (fig. $7). 

Our DFT calculations on strain-activity-reactivity 
relations (section $5.4) suggest that Pt;Tb, which 
is the most active electrocatalyst, should exhibit 
~3% compression, approaching the optimum OH 
binding energy of the Sabatier volcano (11). By 
comparing our activity data and the voltammetric 
shift in H adsorption to the DFT predictions, we 
can conjecture that Pt-lanthanide alloys with a 
shorter dp;.p; than Pt;Tb form a more relaxed over- 
layer (figs. S19 to S21]. More generally, our obser- 
vations suggest that strain effects can only weaken 
the binding of H and OH to a certain extent. More 
appreciable destabilization of reaction intermedi- 
ates can be afforded by ligand effects (7, 10). The 
implementation of these catalysts in fuel cells 
will require scalable synthesis methods yielding 
high surface catalysts. Nonetheless, we have al- 
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ready demonstrated that Pt,Gd NPs exhibited an 
outstanding activity of 3.6 A/mg Pt at 0.9 V RHE 
in liquid half cells (18, 29) (fig. S6B), only sur- 
passed by Pt,Ni nanoframes (27) and Mo-doped 
Pt,Ni nanoparticles (22). Careful tuning of the NP 
composition—for instance, by synthesizing ternary 
Pt-Gd-Tb alloys, in combination with a judicious 
choice of annealing treatment (21, 22, 30)—could 
yield record-breaking catalytic activity and stabil- 
ity over the long term in real devices. 
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Antarctic Ice Sheet variability across 
the Eocene-Oligocene boundary 


climate transition 
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About 34 million years ago, Earth’s climate cooled and an ice sheet formed on Antarctica 

as atmospheric carbon dioxide (COz) fell below ~750 parts per million (ppm). Sedimentary 
cycles from a drill core in the western Ross Sea provide direct evidence of orbitally controlled 
glacial cycles between 34 million and 31 million years ago. Initially, under atmospheric CO 
levels of =600 ppm, a smaller Antarctic Ice Sheet (AIS), restricted to the terrestrial continent, 
was highly responsive to local insolation forcing. A more stable, continental-scale ice sheet 
calving at the coastline did not form until ~32.8 million years ago, coincident with the earliest 
time that atmospheric COz> levels fell below ~600 ppm. Our results provide insight into the 
potential of the AIS for threshold behavior and have implications for its sensitivity to 
atmospheric CO2 concentrations above present-day levels. 


he establishment of the Antarctic Ice Sheet 
(AIS) is associated with an approximate 
+1.5 per mil increase in deep-water marine 
oxygen isotopic (5'°0) values beginning at 
~34 million years ago (Ma) and peaking at 


~33.6 Ma (1-3), with two positive 5'°O steps 
separated by ~200,000 years. The first positive 
isotopic step primarily reflects a temperature de- 
crease (4); the second isotopic step has been in- 
terpreted as the onset of a prolonged interval of 
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maximum ice extent [Earliest Oligocene Glacial 
Maximum (EOGM)] between 33.6 and 33.2 Ma 
(5). Deep-water temperature cooled by 3° to 5°C 
(6) as a consequence of decreasing CO, levels (7), 
while the volume of ice on Antarctica expanded 
to either near-modern dimensions (6, 8) or as 
much as 25% larger than present-day values (9, 10). 
A sea-level fall of ~70 m is estimated from low- 
latitude shallow-marine sequences (9, 17). Uncer- 
tainties in the magnitudes of these estimates in 
part reflect the limitations of geochemical proxy 
records used to deconvolve the relative contri- 
bution of ice volume and temperature at orbital 
resolution (12), as well as uncertainties inherent 
in the backstripping of continental margin sedi- 
mentary records (8). Ice sheet-proximal marine 
geological records from the continental margin 
of Antarctica can improve our understanding of 
the AIS evolution by providing evidence of the 
direct response of shallow-marine sedimentary 
environments (e.g., water depth changes) to ice 
sheet expansion and retreat. 

The temporal pattern and extent of Late Eocene- 
Early Oligocene (~34.1 to ~31 Ma) Antarctic glacial 
advance and retreat is recorded in the well-dated 
CRP-3 drillcore, a shallow-water glaciomarine 
sedimentary succession deposited in the Victoria 
Land Basin (Fig. 1), tens of kilometers seaward 
of the present-day East Antarctic Ice Sheet (EAIS) 
in the Western Ross Sea (13). Thirty-seven fluvial 
to shallow-marine (deltaic) sedimentary cycles 
occur in the lower 500 m of the drillcore [330 to 
780 m below sea floor (mbsf)] that record the 
advance and retreat of land-terminating gla- 
ciers delivering terrigenous sediment to an open 
wave-dominated coastline and are associated 
with relative sea level (RSL) oscillations of less 
than 20 m (J4). These cycles, characterized as 
type B (Fig. 2; see also supplementary mate- 
rials), do not display evidence of ice contact 
from glacial overriding. In contrast, 11 glacio- 
marine sedimentary cycles bounded by glacial 
surfaces of erosion in the upper 300 m of the 
drillcore (0 to 300 mbsf) reflect oscillations of 
the seaward extent of a marine-terminating ice 
sheet onto the Ross Sea continental shelf and 
across the CRP-3 drill site associated with larger 
RSL fluctuations of >20 m (/4) (type A cycles in 
Fig. 2; see also supplementary materials). Tempo- 
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ral variations in lithofacies, grain size, and clast 
abundance primarily reflect oscillations in depo- 
sitional energy that were controlled by changes 
in water depth and/or glacial proximity (74, 15). 
Shallow-marine sedimentary cycles analogous 
to those observed in the CRP-3 drillcore have 
been directly linked with orbitally driven cli- 
matic cycles of the AIS across the Oligocene- 
Miocene boundary at a nearby Ross Sea site (15). 
Accordingly, we applied a similar approach to 
directly compare the timing of proximal ice 
volume changes during the Early Oligocene 
against high-resolution temperature and ice vol- 
ume proxy records derived from distal deep-sea 
sequences. 

Clast abundance (Fig. 2) reflects glacial prox- 
imity and has been shown in a previous study to 
be controlled by orbital forcing in conjunction 
with the deposition of type B cycles in the lower 
part of CRP-3 (16). To similarly test for the role 
of orbital forcing within the laterally extensive 
glacial advances within the type A cycle succes- 
sion in the upper 300 m of the CRP-3 core, we 
applied a singular spectrum analysis (see supple- 
mentary materials) to the clast abundance time 
series and a new record of luminance, which 
reflects changing proportions of clay and sand 
in sedimentary environments controlled by the 
proximity to the ice margin and by changes in 
water depth associated with RSL fluctuations (74). 
An independently derived age model for CRP-3, 
based on biochronologic calibration of a mag- 
netic reversal stratigraphy (/6), together with 
identification of the orbital components in these 
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records enables a one-to-one correlation of sedi- 
mentary cycles to the highly resolved, orbitally 
tuned 5'°O record from the deep sea (2, 17) (Fig. 
2). A key age constraint in the CRP-3 record is the 
precisely dated transition (+5000 years) at 31.1 Ma 
between magnetic polarity chrons C12n and C12r 
at 12.5 mbsf (13) (fig. S5). 

Variation in facies and clast abundance within 
type B shallow-marine sedimentary cycles have 
previously been interpreted to reflect periodic 
advance and retreat of land-terminating alpine 
glaciers in the Transantarctic Mountains (15) in 
response to precession and obliquity forcing (76) 
(Fig. 2). This direct response to orbitally paced 
local insolation forcing indicates a highly dynam- 
ic AIS that advanced and retreated during the 
early icehouse phase of the EOGM. The first sedi- 
mentary evidence of ice advance onto the Ross 
Sea continental shelf coincides with the depo- 
sition of unconformity-bound, type A sedimen- 
tary cycles beginning at 32.8 Ma, and marks 
an abrupt transition in AIS sensitivity to orbital 
forcing that was paced by longer-duration eccen- 
tricity cycles (Figs. 2 and 3). This phase is also 
associated with climate cooling and increased 
physical weathering, as evidenced by a change 
in clay mineralogy (/8). Type A cycles (Fig. 2) 
have been interpreted to represent cyclic alter- 
nations in both grounding-line proximity and 
RSL change (/4). According to glacial isostatic 
adjustment (GIA) theory and given the ice mar- 
ginal position of the CRP-3 site, any proximal ice 
thickness variation would have triggered crustal 
and geoidal deformations such that the resulting 
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Fig. 1. Location of key geographical and geological features in Southern McMurdo Sound. Boundary 
faults of the southern extension of Terror Rift are shown, together with the location of the CRP, MSSTS- 


1, and CIROS-1 drill sites. 
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local RSL change would be opposite in sign to 
eustatic trends and likely of larger amplitude (see 
supplementary materials). However, sedimento- 
logical evidence implies that glacial maxima and 
minima locally coincided with times of minimum 
and maximum RSL, respectively, for both type A 
and type B cycles (14). This implies that the GIA- 
induced RSL rise that was caused by the expan- 
sion and grounding of the ice sheet at the CRP-3 
site was counterbalanced by a strong RSL drop 
as a consequence of the forebulge uplift driven 
by synchronous EAIS thickening. Therefore, we 
argue that the appearance of marine-grounded 
ice near the CRP-3 site was enhanced by flexural 
crustal uplift as the EAIS expanded, resulting in 
a RSL fall (>40 m) in phase with the hypotheti- 
cal eustatic trend. 

Both petrological and apatite fission track 
evidence (19) suggests that diamictites deposited 
as part of 400,000-year sedimentary cycles span- 
ning ~17 to 157 mbsf (~32.0 to 31.1 Ma; Fig. 2) 
were derived both locally from the Mackay gla- 
cier and from the southern Transantarctic Moun- 
tains outlet glaciers during glacial overriding and 
downcutting. Flowlines that trend northwest- 
ward into McMurdo Sound from the Byrd, Skel- 
ton, and Mulock glaciers are implied by model 
simulation of the early Oligocene glacial expan- 
sion (0, 20). 


According to our chronology and geological 
evidence for ice grounding, a marine-calving ice 
sheet first occurred in the western Ross Embay- 
ment at ~32.8 Ma, about 1 million years after the 
glacial maximum (Oil) inferred by 5’8O values 
from marine carbonate isotope records (17) (Figs. 2 
and 3). Oxygen isotope values paired with southern 
high-latitude Mg/Ca records (3) indicate that 
the AIS volume was slightly larger across Oila 
(~32.8 Ma) than across the EOGM. The Oila 
shift coincides, within the degree of uncertainty 
shown in Fig. 3 (see also fig. S17), with the CO, 
minimum [~600 ppm by volume (ppmv)] at the 
end of a ~40% decline beginning in the late 
Eocene (7, 21) (Fig. 3). Declining CO, levels that 
culminate during Oila are fully consistent with 
model-derived CO, thresholds for Antarctic gla- 
ciation (20). The Oila interval also corresponds 
to a long-term minimum in eccentricity and ob- 
liquity (22), similar to the orbital configuration 
favoring the onset of glaciation across Oil (Fig. 3), 
implying that an extended period of low season- 
ality with cooler summers contributed to these 
long-period glacial maxima. 

Therefore, we argue that despite ice expansion 
during the EOGM, the nascent AIS was strongly 
sensitive to orbitally paced, local insolation forcing 
until a CO, threshold of ~600 ppmv was crossed 
at 32.8 Ma (Fig. 3 and fig. S17). After 32.8 Ma, an 


expanded continental-scale ice sheet displayed 
progressively stronger orbital ice sheet hystere- 
sis; such behavior is also suggested by ice mod- 
els (20, 23). Our observations from the CRP-3 
record are also consistent with far-field ice vol- 
ume proxies that indicate RSL changes of ~25 m 
in the time interval 33.4 to 32.8 Ma (9, 11), equiv- 
alent to ~40% of present-day AIS volume. By 
contrast, after 32.8 Ma, a protracted period of 
RSL stability is observed in 5'80 records, which 
corresponds with our proximal evidence for an AIS 
that was relatively insensitive to higher-frequency 
orbital forcing (77) until ~29 Ma, when CO, val- 
ues again increased to >600 ppm (24) (fig. S17). 
Our observations of AIS history and behavior lead 
us to conclude that the partial pressure of at- 
mospheric CO, was the primary influence on the 
overall climate state and variability of AIS volume, 
including its sensitivity to orbital forcing, which 
implies a close linkage between carbon cycle dy- 
namics and AIS evolution on both long- and short- 
period orbital time scales. Indeed, amplification 
of the long-period eccentricity component—observed 
in the CRP-3 record at ~32 Ma—tracks the estab- 
lishment of low-latitude 8C variability with a 
405,000-year periodicity (25). 

The general orbital coherence and phasing 
between glacial cycles and marine 5C records 


(Fig. 2) indicates that carbon cycle feedbacks 
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Fig. 2. Astrochronological calibration of glacial events across the controlled by advances and retreats of land-terminating glaciers associ- 


Eocene-Oligocene climate transitions. (A) Deep-sea oxygen and carbon 
isotopic record from ODP Site 1218 (2, 17). (B to H) Time series for 
climatic precession (B), obliquity (C), and eccentricity (D) correlated with 
magnetostratigraphy (E), lithostratigraphy (F), sequence stratigraphy (G) 
(13, 14), and square root of clast abundance (H) (30) for the Late Eocene- 
Early Oligocene CRP-3 drillcore. Thirty-seven shallow-marine sedimentary 
cycles (sequences; type B) occur in the lower 500 m of the core record, 
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ated with sea-level oscillations of less than 20 m. Eleven overlying gla- 
ciomarine sedimentary cycles (Sequences; type A), each bounded by 
glacial surfaces of erosion, occur in the upper 300 m of the CRP-3 core, 
and record oscillations in the extent of a more expansive marine-terminating 
ice sheet in Ross Embayment. (I) Inferred stages and events in the devel- 
opment of the AIS across the Eocene-Oligocene boundary and their rela- 
tionship to orbital forcing. 
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contributed to CO, changes and amplification 
of short- and long-period eccentricity-paced 
glacial-interglacial cycles in the Early Oligocene 
(26), similar to the climate-carbon cycle dynam- 
ics associated with Northern Hemisphere glacial 
cycles during the Pleistocene. Coupled global 
climate-ice sheet models predict that the AIS 
should display threshold-like behavior in response 
to long-term trends in atmospheric CO, levels 
(20). For example, the stability threshold for 
marine-based sectors of the AIS has been shown 
to be ~400 ppm; between 300 and 400 ppm, 
marine ice sheets are highly dynamic in response 
to orbital forcing (27, 28). Intermodel compari- 
sons suggest a larger range of atmospheric CO, 
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values (~560 to 920 ppm) for AIS glaciation (29). 
Data presented in our study imply that a CO, 
threshold for a continental-scale Antarctic ice 
sheet occurred at ~600 ppm, and that AIS sen- 
sitivity to insolation forcing and vulnerability to 
melt can be expected to increase markedly be- 
tween 600 and 750 ppm. 
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ATMOSPHERIC METHANE 


A 21st-century shift from fossil-fuel 
to biogenic methane emissions 


indicated by CH, 


Hinrich Schaefer,’* Sara E. Mikaloff Fletcher,’ Cordelia Veidt,” Keith R. Lassey,'+ 
Gordon W. Brailsford,' Tony M. Bromley,’ Edward J. Dlugokencky,” 

Sylvia E. Michel,* John B. Miller,® Ingeborg Levin,” Dave C. Lowe,"t 

Ross J. Martin,’ Bruce H. Vaughn,* James W. C. White* 


Between 1999 and 2006, a plateau interrupted the otherwise continuous increase of 
atmospheric methane concentration [CH,] since preindustrial times. Causes could be sink 
variability or a temporary reduction in industrial or climate-sensitive sources. We 
reconstructed the global history of [CH,] and its stable carbon isotopes from ice cores, 
archived air, and a global network of monitoring stations. A box-model analysis suggests 
that diminishing thermogenic emissions, probably from the fossil-fuel industry, and/or 
variations in the hydroxyl CH, sink caused the [CH,] plateau. Thermogenic emissions did 
not resume to cause the renewed [CH,] rise after 2006, which contradicts emission 
inventories. Post-2006 source increases are predominantly biogenic, outside the Arctic, 
and arguably more consistent with agriculture than wetlands. If so, mitigating CH4 
emissions must be balanced with the need for food production. 


nthropogenic CH, emissions have almost 
tripled [CH,] since preindustrial times (J-3). 
This contributes strongly to anthropogenic 
climate change through radiative forcing 
and impacts on atmospheric chemistry, 
particularly hydroxyl consumption, tropospheric 
ozone generation, and water vapor formation 
in the stratosphere (4). In a positive feedback to 
climate change, natural sources such as CH, hy- 
drates, tundra, and permafrost may increase (5). 
We must therefore understand how the CH, bud- 
get responds to human activities and environmental 
change. The onset and end of the 1999-2006 
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[CH,] plateau (Fig. 1) (3, 6, 7) have been studied 
with inverse models (top-down) (8-J4), as well 
as process modeling (6, 8, 15-20) and emission 
estimates (bottom-up) (27-23). These approaches 
are either not emission-specific or uncertain in 
scaling and process representation (8). In contrast, 
the ¥c/"C ratio in atmospheric CH, [8’Ccaim; 
expressed in 6 notation relative to the Vienna Pee 
Dee Belemnite standard] is controlled by the 
relative contributions from source types with 
distinctive isotope signatures 8° Cis0) [biogenic 
~-60 per mil (%o), such as wetlands, agriculture, 
and waste; thermogenic ~-37%o, such as fossil- 
fuels; pyrogenic ~-22%o, such as biomass burn- 
ing] (3, 24). Large and overlapping ranges for 
8° C50) in field studies of the main source types 
and even individual sources (such as wetlands) 
(24) average out at the global scale so that 8° Cis0) 
is suitable to characterize emissions. Sink pro- 
cesses with characteristic isotopic fractionation 
e (25) [for example, hydroxyl (OH) € = -3.9%o; 
chlorine in the marine boundary layer (Cl-MBL) 
€ = -60%o; stratospheric loss € = -3%o; or Ox- 
idation by soils « = -20%o] (table S1) (26, 27) also 
influence 5"C;aim Therefore, 5’Ciaimy Variations 


indicate changes in CH, budgets, in which perti- 
nent sources are industrial (thermogenic); agri- 
cultural, such as ruminants and rice cultivation 
(biogenic); and climate-dependent, such as biomass 
burning (pyrogenic) and natural wetlands, including 
freshwater and permafrost (biogenic). Other sources 
lack magnitude [termites, wild animals, ocean, and 
hydrates (8)] or known processes (geologic sources) 
to force abrupt and sustained changes (supple- 
mentary materials). Changes in the dominating 
OH sink may affect [CH,] and 3Catm) trends, 
whereas substantial changes in other sinks are 
unlikely or uncertain (supplementary materials). 

We reconstructed [CH,] and 8'Ciaim) time se- 
ries by splicing measurements from ice cores, 
firn air, archived air (J, 2), and global networks 
(Fig. 1, fig. S1, and tables $2 and $3) (3) (25). ®C 
enrichment followed by stable 8 Cngaiy parallels 
[CH,] trends until the end of the 1999-2006 
plateau. Afterward, [CH,] increases, whereas 
3"Ciim) becomes more “C-depleted. This sug- 
gests that the increasing emissions before and 
after the plateau differ in 5'C,go). 

We used a one-box model (25, 27) to quantify 
changes in the CH, budget. An inversion run 
derives the history of global emission strength 
and isotopic source signature [8° Coy from the 
[CH,] and 3° Cran reconstructions and specified 
sink parameters (tables S1 and S3). In forward 
mode, this “base source” as input reproduces 
measured [CH,] and 3° Ccatmy until the start of 
an event (plateau or renewed increase). After- 
ward, the source is held constant, providing a 
“Stabilization Run” (Fig. 2A). A superimposed 
“perturbation source” then tests the effect of 
strengthening or weakening emissions with a 
prescribed perturbation 8'C;g,) on 8° Ciaimy. Al- 
ternatively, sink variability can be implemented 
for equivalent tests. The modeling design is de- 
tailed in section 1.3 of (25). 

Stabilization Run 92 (SR92) tests whether emis- 
sions simply stabilized to cause the [CH,] plateau 
(assuming constant sinks) (28). The base source 
is run from 1700 to 1992, during which time emis- 
sion rates show steady trends (fig. S2); afterward, 
emissions are held constant at 1991-1992 rates 
and average 1982-1992 8°Cso)- These choices 
remove disruptions by the Mount Pinatubo erup- 
tion (supplementary materials). Model-data mis- 
matches after the plateau onset (Fig. 2) suggest a 
changing source mix and emission reductions. 
The latter occur abruptly after 1992, for an aver- 
age 7.2 to 11.2 Tg loss in annual global emissions 
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Fig. 1. Global trends in [CH,] and 53 Ccatm)- (A) Spliced records of globally averaged annual values for [CH] from a historic spline (HS) (light blue) (1) and 
the NOAA-ESRL global monitoring network (dark blue) (3). The uncertainty range is indicated by the thickness of the connecting line. (B) Spliced records of 
globally averaged annual values for 88 Coat from a HS (yellow) (2) and atmospheric time series from contributing Global Atmosphere Watch (GAW) stations 
measured in our three laboratories (green). Gray shading shows the 1o confidence interval (Cl). Details on the splicing and uncertainty estimates are provided 
in (25). 


over 1993-2006 relative to 1991-1992 (fig. S3). + A sae Fig. 2. Box-model results 
In “Perturbation Runs” (PRs92/1), this emission 1800 4 a= for the onset of the 
loss is superimposed on the SR92 source as a neg- 7 1999-2006 plateau. 
ative perturbation that decreases [CH,] from ra 1 (A to C) Observed yearly 
the SR92 values to observations (Fig. 2A). By as- a J averages for [CH4] and 
signing different perturbation 5'°C,g.) values in | = 1750 + 3°Ccatmy [black dots; gray 
PRs92/1 to match observed 8™Cytm, we finger- | & Senate shading for 16 Cl of 8 Ccatm)]. 
printed the emissions that are no longer contri- — = Stabilisation Run SR92 SR92 (red dashed lines) 
buting to the total source. A perturbation &™Cio) ¢ Perturbation Runs PRs92/1; PRs92/2 indicates trends in [CH,] 
of ~-40%o fits the plateau values within uncer- 4700 — _ oo — or and 8Ccatm for emissions 
tainties, although without truly leveling out (Fig. dee = held constant at average 
2B). The match improves for perturbation 35°C) = ; B Perturbation Runs PRs92/1 1991-1992 (553 Tg/year) 
-53%o for 1993-1995 and -35%o from 1996 (PRs92/ = — = SR92 = -40% and 1982-1992 (-53.35%o) 
2) (Fig. 2C). Alternatively, Stabilization Run SR92/ —— 60% —— -35%o levels, respectively. (A) 
OH with OH variability, as reconstructed from 47 4 SOU. et eo Subtracting a source per- 
methyl-chloroform (29), and constant 1992-2006 > ons turbation (yearly varying, 
emissions, approximate measured [CH,] and = 7 average —9.5 Tg/year; 
35° Ccatmy trends, so that additional source pertur- 2 PRs92/1 and PRs92/2) 
bations (PRs92/OH) are small and have little im- | % “”* 7 reconciles modeled [CHa] 
pact (Fig. 3). Combined OH variability and emission _| blue line) with observations. 
reductions fit observations better, but the relative Ad B) PRs92/1: 58°C, Atm) 
weight of the two processes remains unknown, 47.4 4 trends if 88 C(s0) values 
and perturbation 8°-Cis0) of -35 to -40%bo stays between —25%o and —60%o 
within uncertainties of the emissions-only sce- ™— T 1 ™ 1 1 solid lines) are assigned 
nario (figs. S4 to S7). -46.8 — to a set of perturbation 
3"Cigo) ~ -35%o is characteristic for thermo- GC. || “sanmatonrara rasan runs starting in 1993. Thick 
genic CH, (3, 24, 26), which is mainly emitted 7 =— = sRo2 -40%o ine indicates best-fit 
from the production of oil, natural gas, and coal — 60% 35% scenario [8'°C(go) = -40%o] 
(21, 22). Simultaneous biogenic and pyrogenic ey —— 50% —— -25%o for 1999-2006 observa- 
reductions could produce the same signal as | @ ~A5%b0 tions. (C) PRs92/2: as 
thermogenic reductions. This seems unlikely be- “= above, but assigning —-53%o 
cause climatic events such as El Nifio-Southern o 472 —| to all perturbation runs 
Oscillation phases force opposite emission changes & for 1993-1995. Best-fit 
in wetlands (15)—the major biogenic source— e results from perturbation 
and the total of natural and anthropogenic bio- 88C igo) = -35%o. Total 
mass burning (J6). The perturbation 8'Cgo) 47.4 8'°C,goy values for all runs 
lo uncertainty (-28 to -42%o) (supplementary are shown in fig. S14 and 
materials) allows for a small probability that TTT TTT TTT TT ttt TTT TT table S4. 
the perturbation is pyrogenic. However, the re- 1990 1995 2000 2005 2010 
quired 20% pyrogenic drop is inconsistent with eal 
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reconstructions (8, 77), and the preplateau re- 
duction did not occur in the tropics (28), where 
most pyrogenic emissions originate (8). Sink 
changes may have contributed to the [CH,] pla- 
teau, but only in concert with stagnating total 
emissions. 

To study the renewed [CH,] rise, another Sta- 
bilization Run SRO6 runs the base source until 
2006 and then holds it constant at 1999-2006 av- 
erages for emission strength and 8"C,). This sim- 
ulates a continuation of the [CH,] and 8”Ccaim 
plateaus (Fig. 4). Superimposed Perturbation 
Runs PRs06 with additional emissions averag- 
ing +19.7 Tg/year (fig. S3) [which is consistent 
with (13, 30)] reproduce the [CH,] rise and need 
3° Cigo) ~ -59%o (-56 to -61%o, 1c) (supplemen- 
tary materials) to match the post-2006 8"C,aim) 
decline (Fig. 4B). Alternatively, Stabilization Run 
SRO6/OH includes available OH reconstructions 
(1994-2007; constant OH assumed afterward). As- 
sociated Perturbation Runs PRs06/OH prescribe 
Perturbation A (2007-2011) and Perturbation B 
(2011-2014) to capture the marked break in slope 
of 2011. Best fits for Perturbation A ~ -75%o and 
Perturbation B ~ -60%o account for a ’C-rich 
anomaly in 2008 and match the differing 5"C.aim) 
slopes (Fig. 4C). This scenario suffers from uncer- 
tainties regarding the transition from reconstructed 
to constant OH in 2007 (alternative OH trends 
are examined in the supplementary materials). 
Also, matching the 2008 3° Ccatm) anomaly could 
skew the trend for subsequent years. The result- 
ing bias may be seen in perturbation 38" Cis0) ~ 
~75%o for 2007-2011. Such extremely “C-depleted 
values are only found in some boreal biogenic 
sources, which are unlikely to dominate the glob- 
al signal. Therefore, the more conservative result 
is perturbation 38°C ~ -59%o integrated over 
2007-2014 (Fig. 4B), but during 2006-2011, 5”’Cigo) 
was potentially more “C-depleted, as shown in 
Fig. 4C. OH variability may contribute to the post- 
2006 event, but perturbation 8° C50) remains 
within uncertainties of the above estimates (figs. 
S8 to S12). 

8° Coo) ~ -59%o is characteristic for biogenic 
sources (3, 24, 26). Thermogenic or pyrogenic 
emissions would require compensating changes 
in other sources or sinks. An atmospheric gen- 
eral circulation model (AGCM)-based chemistry- 
transport model (ACTM) study recently found 
post-2006 biogenic increases relative to pyro- 
genic ones (12). That study prescribed thermo- 
genic emissions and therefore did not test all 
sources independently and whether thermo- 
genic emissions are contributing to the [CH,] 
growth. We calculate the possible contribution of 
thermogenic CH, in a combined increase with 
biogenic emissions as 0.9 + 4.8 Tg/year (1o) from 
19.7 Tg/year total (supplementary materials). 
Larger thermogenic contributions require pyro- 
genic reductions. Process-based models (78) find 
average pyrogenic reductions by -1.5 Tg be- 
tween 1999-2006 and 2007-2014. This accom- 
modates <5.5 Tg/year additional thermogenic 
emissions. However, emission inventories suggest 
variable (27) or increasing pyrogenic emissions 
(22), negating thermogenic increases. Biogenic 
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Fig. 3. OH-variability 7 
scenario for the onset of 1aaa;.< 
the 1999-2006 plateau. 4 
Symbols are as in Fig. 2. 
A and B) SR92/0H (red 
dashed lines) includes 

OH variability (29) for 
1994-2007, in addition to 
constant emissions after 
1992 at average 1991-1992 


1750 — 


[CH,] (p.p.b.) 


@ Observations 
= = Stabilisation Run SR 92/OH 
Perturbation Runs PRs92/OH 


and 1982-1992 levels for 1709 
emission strength and 
5'Ciso), respectively. (A) 
n SR92/0H, sink variability 
29) produces [CH,] close 
to observations, leaving 471 
ittle room for source 4 
perturbations in PRs92/0H 
average —2.6 Tg/year; 
blue line). This results from 
an OH-induced trend to 
ower atmospheric CH, 
residence time t for 1993- 
1999, whereas the longer- 
term average (1993-2007) 


47 — 


-47.2 


47.3 4 


3'9C ptm ($60) 
1 


474 4 


Perturbation Runs PRs92/OH 
=— = SR92/0H -35%o 
—_ -60%o a -30% 
—— -50%o —— = -25%0 
— 40% 


of t is almost identical to “47.5 T 
the value used for the runs 1990 
in Fig. 2. (B) PRs92/0H: 

best fit is for perturbation 

5°Cps0) = -30%o, but 


58 Ccatm) trends for values between —25%o and —50%o all fit observations throughout most of the 
1993-2006 perturbation period because OH variability and the associated changes in € and t alone 
can account for observed [CH,4] and 38 Ccatm) trends. Total 55Cis0) values for all runs are shown in 


fig. S14 and listed in table S4. 


increases and pyrogenic decreases together fa- 
cilitate thermogenic contributions to the total 
increase of 0 to 33%. A more “C-depleted per- 
turbation 5"C,s,), as suggested in Fig. 4C, would 
lower this estimate further. In all scenarios of 
simultaneous pyrogenic, thermogenic, and bio- 
genic changes, increasing biogenic emissions 
are causing most or all of the post-2006 [CH,] 
growth. This finding remains robust for poten- 
tial sink changes (supplementary materials). 
The global CH, budget is underconstrained 
by [CH,] and 33 Cyatmy. We have tested concurring 
and compensating changes in the pertinent and 
better-known [CH,] sources and sinks. We cannot 
rule out that other combinations, or less under- 
stood processes (such as stratospheric-tropospheric 
exchange), explain or contribute to 38°C, ‘Atm) trends. 
Three-dimensional inversions of regional varia- 
bility in our data may provide further insights. 
Nevertheless, our findings allow for a likely re- 
construction of recent CH, budget changes. 
The 8'’Ciaimy history suggests increasing “C- 
rich anthropogenic emissions since the industrial 
revolution (2). We show here that in the 1990s 
and early 2000s, “C-rich emissions likely stag- 
nated or decreased. This signal is muted after 
the Mount Pinatubo eruption decreased OH and 
wetland emissions (0), as seen in model-data dis- 
crepancies (Figs. 2B and 3B) and possibly higher 
perturbation 85”Cigo) (Fig. 2C) for 1993-1995. 
After 1995, the most parsimonious explanation 


for the observed emissions decrease is thermo- 
genic reductions. Previous 5° Cam) studies pro- 
vided contradicting results for thermogenic 
emissions (9, 11, 31); only (12) found reductions 
for ~1988-2002. Our result is consistent with 
combined bottom-up and top-down reconstruc- 
tions finding “decreasing-to-stable” fossil-fuel 
sources during plateau onset (8). Also, ethane lev- 
els indicate declining annual thermogenic CH, 
emissions between 1984 and 2010 by >10 to 21 
Tg (32), which is consistent with our 7.2 to 11.2 
Tg/year average decrease. One possible cause 
is reduced fossil-fuel CH, emissions by 12 to 
20 Tg/year through a collapse in production after 
the Soviet Union breakup in 1991 (28). Our re- 
sults therefore support previous evidence for ther- 
mogenic reductions. Alternatively, OH variability 
with stagnant emissions provides an equally plaus- 
ible explanation. 

After 2006, the activation of biogenic emis- 
sions caused the renewed [CH,] rise. The exact 
nature of this source is less clear. Possibly, emis- 
sions from waste treatment contributed, although 
their 5"Cig,) ~ -55%o is somewhat too “C-enriched, 
and inventories indicate no step change around 
2007 (21, 22). Arctic warming could have enhanced 
emissions from wetlands, thawing permafrost, 
and CH, hydrates (5). This was detected for 
2007 but not afterward (J4). The onset of the 
post-2006 trend in 5”C(aim) in the 60° to 90°N 
latitude band seems to lag other latitudes (fig. S13), 


sciencemag.org SCIENCE 


RESEARCH | REPORTS 


Fig. 4. Box-model results 1820 — A 
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and post-2006 emissions rose mostly in the 
tropics, as shown in satellite CH, measurements 
(13). This footprint and the perturbation 5"Cio) 
fit tropical wetlands and agricultural emissions. 
Natural wetlands, the single largest CH, source, 
have been implicated in the post-2006 [CH,] 
growth (8, 14) under enduring La Nifia condi- 
tions (33). The associated combination of higher 
wetland (15) and lower pyrogenic emissions (J6) 
could explain strongly “*C-depleted perturbations 
3”C(go) for 2007-2011 (Fig. 4C). However, tropical 
wetland emissions are higher in the southern 
hemisphere (19), whereas remote sensing shows 
that [CH,] increased mainly in the northern tropics 
and subtropics (73). Also, tropical wetlands are 
relatively C-enriched (-52 to -60%oc) and match 
our post-2006 perturbation not as well as rice 
cultivation (-59 to -65%o) and C3-fed ruminants 
(-60 to -74%o) (3, 24, 26). This isotopic evidence 
against tropical wetlands is not strong, given the 
ranges of reported 8°Ceg0) for various sources. 
However, sustained source 'C-depletion over 
7 years with the potential for strong '°C-depletion 
until 2011 is harder to reconcile with tropical wet- 
lands as compared with other biogenic emissions, 
such as agricultural ones. Inventories report in- 
creased annual agricultural emissions over the 
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2000-2006 average of ~12 Tg by 2011, dominated 
by ruminants (27, 23). This can largely account 
for the post-2006 [CH,] growth, estimated at 15 
to 22 Tg/year (30). Also, India and China’s domi- 
nance in livestock emissions (23) and Southeast 
Asian rice cultivation are consistent with the 
location of the source increase (73). Although 
we cannot identify the specific biogenic source 
driving the [CH,] increase with certainty, it is 
compatible with agricultural emissions. If so, 
feedbacks between climate change and natural 
CH, emissions (5) are not yet evident. 

The finding of a predominantly biogenic post- 
2006 increase is robust. Further, it seems likely 
that fossil-fuel emissions stagnated or diminished 
in the 1990s. They are a minor contributor to the 
renewed [CH,] rise. This contradicts emission 
inventories reporting increases of all source types 
between 2005 and 2010 with a major (~60%) 
thermogenic contribution (2/, 22). The predicted 
3° Cio) ~ -48%o (or more ’C-enriched) produces 
a slight 8° Cam) increase that cannot be recon- 
ciled with the measured marked decline (Fig. 
4B). The finding is unexpected, given the recent 
boom in unconventional gas production and re- 
ported resurgence in coal mining and the Asian 
economy (2/, 22). Our isotope-based analysis 


suggests that the [CH,] plateau marks not a 
temporary suppression of a particular source 
but a reconfiguration of the CH, budget. Ei- 
ther food production or climate-sensitive natural 
emissions are the most probable causes of the 
current [CH,4] increase. These scenarios may 
require different mitigation measures in the 
future. 
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Global climate change is a major threat to bio 


diversity. Large-scale analyses have generally 


focused on the impacts of climate change on the geographic ranges of species and on 


phenology, the timing of ecological phenome 


na. We used long-term monitoring of the 


abundance of breeding birds across Europe and the United States to produce, for both 


regions, composite population indices for two groups of species: those for which climate 
suitability has been either improving or declining since 1980. The ratio of these composite 
indices, the climate impact indicator (Cll), reflects the divergent fates of species favored or 
disadvantaged by climate change. The trend in Cll is positive and similar in the two regions. 
On both continents, interspecific and spatial variation in population abundance trends are 


well predicted by climate suitability trends. 


vidence that climate change is affecting bio- 
diversity is accumulating (7). Most of this 
evidence reveals impacts on natural popu- 
lations in the form of shifts in geographic 
ranges, changes in abundance, or changes 


in individual behavior or physiology (2, 3). Meta- 
analyses have identified widespread changes, con- 
sistent with expectations, in both the distribution 
of populations and the timing of events in the 
annual cycles of organisms (4-6). A growing body 


of evidence also suggests that morphological 
changes are a common response to altered cli- 
mates (7, 8). However, despite some clear cases 
of climate-caused alterations of local population 
dynamics (9, 10), multispecies, large-scale analyses 
of population responses to global climate change 
are rare (JI, 12). 

One way to assess widespread population re- 
sponses to anthropogenic drivers is to derive indi- 
cators from composite trends of species’ abundance 
(13). Multispecies indicators are now widely used 
to aggregate biodiversity information in a way 
that is understood by policy-makers and mem- 
bers of the public, enabling evaluations of prog- 
ress toward biodiversity targets (14, 15). Less 
frequently, differences in composite trends for 
groups of species differentially affected by change 
are used to highlight the role of specific drivers of 
abundance. For example, large-scale aggregated 
trends in European species’ abundance have been 
linked to expected future changes in climatic 
suitability within the region to produce com- 
posite trends for species that are expected either 
to gain or to lose climatically suitable range in the 
future (16). One shortcoming of that approach is that 
relating changes in a species’ population at a sub- 
continental level to climate change ignores im- 
portant information about variation in population 
trends in different areas within the subcontinent. 
A species showing climate-driven decline at the low- 
latitude range margin but climate-driven increase 
at its poleward range margin (17) might not show 
a clear overall trend in abundance across its 
range. Furthermore, accounting for spatial var- 
iation in species’ population trends will reduce 
covariation between climate change and land-use 
change (J8). 
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We developed an indicator to quantify the im- 
pacts of recent climate change on breeding range 
abundance in common birds, accounting for re- 
gional variation in both climate impacts and pop- 
ulation trends. We applied this approach to two 
distinct subcontinents to evaluate, for the first 
time, how recent climate change has affected large 
numbers of species over extensive biogeographical 
regions. Developing our indicator involves six 
steps, including (1) selecting species abundance 
data for analysis; (2) fitting species’ distribution 
models to species’ occurrence data and concur- 
rent long-term mean climate values for a single 


fixed time period, and applying those models to 
annual climate data to determine how climate 
suitability has changed for each species in each 
country or state in which it occurs; (3) checking 
that these climate suitability trends are inform- 
ative predictors of abundance trends; (4) deriv- 
ing composite multispecies abundance indices 
for each state or country, separately for species 
with positive climate suitability trends (hereafter, 
the CST+ group) and for those with negative cli- 
mate suitability trends (the CST- group); (5) amal- 
gamating country- or state-level information to 
produce subcontinental CST+ and CST- indices; 


Fig. 1. Effect of climate suitability on bird population 
trends. Standardized regression coefficient of popu- 
lation trend at a country/state level on CST (with 90% 
confidence intervals) for European breeding birds (left 
two points) and U.S. breeding birds (right two points). 
Coefficients are from model averaging of multiple re- 
gression models (which consider body mass, habitat, 
and migratory behavior) of population trend on CST 
(solid circles) or from univariate models of population 
trend on CST (open circles) (20). All models contained 
the random effects of country/state and species. 
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Fig. 2. Effect of climate on abundance trends of common birds. Multispecies population indices for 
CST+ (orange lines) and CST- (blue lines) groups combined across all eligible countries of Europe (A) and 
states of the United States (B). Shaded polygons in each case indicate 90% confidence intervals 
(produced from 2000 bootstrap replicates) (20). Annual values of the ratio of the CST+ index to the CST— 
index, the Cll, are shown for Europe (C) and the United States (D).In all four panels, the index is arbitrarily 
set to 100 in 1980. Horizontal dashed lines at index values of 100 show the expectation if there is no trend; 
in (C) and (D), these indicate the expectation if climatic suitability played no role, and thus there was no 
difference in the composite trends for CST+ and CST- groups. 
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and (6) contrasting the CST+ and CST- indices to 
produce a climate impact indicator (CII), which 
reflects the divergent fates of species favored and 
disadvantaged by climate change. 

For Europe, we assessed indices of abundance 
for 145 species monitored by the Pan-European 
Common Birds Monitoring Scheme (75). For the 
United States, we used indices of abundance for 
380 species monitored by the North American 
Breeding Bird Survey (BBS) (79). In both cases, 
we used data spanning the period from 1980 to 
2010. To account for regional variation in climate 
impacts and species’ trends, we used species’ dis- 
tribution models to identify the climate suitabil- 
ity trend for each species at the level of individual 
countries in Europe or states in the United States. 
The species’ distribution models allow the calcu- 
lation of probability of occurrence of the species 
under a particular combination of climatic condi- 
tions, represented by bioclimate variables (20), 
using species’ distribution maps and concurrent 
long-term mean climate data. The climate suit- 
ability trend for a species represents the trend in 
its expected annual probability of occurrence, as 
derived from species’ distribution models applied to 
annual climate data (20). These climate suit- 
ability trends are derived entirely independently 
of interannual changes in abundance within a 
focal species’ range. We used linear mixed mod- 
els to check that climate suitability trend was an 
informative explanatory variable for country- 
or state-level population trends, when potential 
confounding effects of life history and ecolog- 
ical covariates were allowed for (Fig. 1). 

We allocated species at a country/state level to 
two groups: those expected from the species’ dis- 
tribution models to have been advantaged (cli- 
mate suitability trend slope >0) or disadvantaged 
(climate suitability trend slope <0) by climate 
change during the study period (the CST+ and 
CST- groups). We derived composite population 
indices for both groups at the individual country 
or state level (see tables S1 and S2 for sample sizes 
in Europe and the United States, respectively). 
Individual species may occur in either group in 
different parts of their range. Within countries 
or states, composite population indices were 
derived by weighting abundance indices by the 
magnitude of species’ climate suitability trends 
within CST+ and CST- groups (20). The result 
is that changes in populations of species that 
we expect (from species’ distribution models) 
to be markedly affected by climate change would 
receive more weight in the composite index 
than would those of species for which the cli- 
mate suitability trend was negligible. To produce 
subcontinental-scale composite indices for CST+ 
and CST- groups, composite indices for each 
group were combined without weighting (Fig. 2, 
A and B) (20). 

The ratio of these indices (CST+:CST-), the CII 
(standardized to 100 in 1980), will be >100 in any 
year if populations expected to have been posi- 
tively affected by climate change have increased 
more or declined less than those expected to have 
been negatively affected. We derived subcontinental 
CII values separately for Europe and the United 
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Fig. 3. Recent changes in climate in Europe and the United States. Changes in annual values of 
three measures of climate in the countries/states from which bird data were collected in Europe (A) and 
the United States (B): mean annual temperature (blue lines), mean temperature of the coldest month 
(orange lines), and growing degree days above 5°C (green lines). Each variable is standardized to have 
zero mean and unit variance. Black lines show a least-squares regression fitted to the annual standardized 
values for all three variables combined. Analysis of covariance provided no support for different slopes for 
the three climate variables or differences between Europe and the United States. 


States (combining country and state CIIs, respec- 
tively) (20). Calculating CIs for these geograph- 
ically distinct subcontinents with very different 
breeding bird species assemblages allows us to 
examine the transferability of our approach. Plot- 
ting these CII values over time can demonstrate 
long-term trends in the response of species to cli- 
mate. Because recent climate change is likely to 
have manifested itself in different ways across the 
two subcontinents, a common trend in the mag- 
nitude and direction of the CII would provide 
compelling evidence that recent climate change is 
affecting populations of many species across ex- 
tensive areas of the world. 

Overall trajectories of avian abundance in re- 
cent decades differ somewhat between the two 
subcontinents, suggesting rather different eco- 
logical backdrops. Specifically, the average trend 
of avian abundance in Europe has been largely 
negative since 1980 (27), whereas the average 
trend of avian abundance in the United States 
has been relatively stable over recent decades 
(22). This difference is reflected in the composite 
indices: Although the CST+ group index has been 
largely static in Europe and the CST- group has 
declined, in the United States these groups have 
shown a pronounced increase (CST+) or remained 
stable (CST-). Nevertheless, in both regions, the 
CST+ and CST- indices show a striking divergence, 
in the expected direction, with the composite 
population indices of species in the former group 
being markedly more positive than those in the 
latter group. 

The ratio of the CST+ to CST- composite in- 
dices amalgamated to the subcontinental scale 
gives the subcontinental CIIs (Fig. 2, C and D). 
The CII for Europe is based on fewer species, fewer 
geographic subdivisions, and a less-consistent 
duration of monitoring across the region. This 
results in it being more variable than that for the 
United States. Nevertheless, trends in the two 
CIIs show some striking similarities. In particu- 
lar, both clearly deviate from a value of 100 
(indicating the divergence of the CST+ and CST- 
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groups) by the mid- to late 1980s. Both then 
climb strongly to reach an index value of about 
140 by 2010, highlighting the markedly stronger 
performance of species in the CST+ group. An 
analysis of standardized climate variables over 
the period shows no evidence for differences in 
the rate or scale of climate change in the two 
regions (Fig. 3) (20). 

The strength and consistency of the CII across 
two very different assemblages (only six species 
are common to both), which appear to be expe- 
riencing very different overall population trends, 
provide evidence that this phenomenon is not 
peculiar to a single subcontinent. Isolating the 
contribution of climate change on the two sub- 
continents from that of other potential drivers of 
avian population change should stimulate further 
research into the factors that underlie the strong 
differences between the United States and Europe 
in the trajectories of composite multispecies trends 
(both CST+ and CST-) (Fig. 2, A and B). In both 
areas, the CII is more strongly positive than a 
previous index for Europe that linked multispecies 
trends in population size at a subcontinental level 
to the expected future effects of climate change 
(16). This emphasizes the value of using geograph- 
ic variation of species’ trends within the range and 
allowing a species to contribute to both the CST+ 
and CST- groups, according to differences in the 
suitability trend in different areas. 

The widespread changes that we detect are 
based on the commonest bird species across a 
diversity of ecosystems in Europe and the United 
States. For example, the 145 European species we 
consider make up about 89% of the total number 
of individual terrestrial breeding birds in Eu- 
rope (23). Common species dominate ecosys- 
tems, and even small changes in their abundance 
can lead to large changes in ecosystem structure, 
function, and service provision (24). Therefore, 
the changes that we have detected in common 
birds are already likely to be affecting ecosystems 
and associated services. If similar abundance 
changes are occurring across common species in 


other taxa, ecosystems may be further affected. 
Impacts arising from changes in bird abundances 
will become more pronounced if their popula- 
tions continue to follow their current climate- 
influenced trajectories. Although our index is 
based on the abundance of common bird species, 
population trends of rare species have also been 
shown to be related to climatic changes (25). Our 
indicator could be applied wherever sufficient 
monitoring data exist. However, because long-term 
population monitoring data sets are rare for 
large tropical and subtropical regions and for 
the Southern Hemisphere (26), we cannot eval- 
uate whether the changes we have observed apply 
globally. Population monitoring at low latitudes 
and in the Southern Hemisphere should be a fu- 
ture priority to identify climate-driven changes 
that might be occurring in these areas. 

Ecological indicators, including some indica- 
tors of climate change impacts, are already being 
used to monitor the global state of ecosystems 
(13). Our precursor CII (6), based on future cli- 
mate projections, has been adopted as an indi- 
cator to assess progress toward achieving the 
United Nations Convention on Biological Diver- 
sity’s Aichi biodiversity targets (27), as a metric of 
climate change impacts on terrestrial ecosystems. 
The new indicators we have developed provide a 
first means of assessing impacts of contemporary 
climate on the abundance of populations, and we 
have shown their utility across two large areas of 
the world. Future updates of the CII should pro- 
vide a valuable means to track the extent of im- 
pact of future climate change on species. 
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CONFLICT BEHAVIOR 


Social conflict resolution regulated by 
two dorsal habenular subregions 


in zebrafish 
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When animals encounter conflict they initiate and escalate aggression to establish and 
maintain a social hierarchy. The neural mechanisms by which animals resolve fighting 
behaviors to determine such social hierarchies remain unknown. We identified two 
subregions of the dorsal habenula (dHb) in zebrafish that antagonistically regulate the 
outcome of conflict. The losing experience reduced neural transmission in the lateral 
subregion of dHb (dHbL)-dorsal/intermediate interpeduncular nucleus (d/ilPN) circuit. 
Silencing of the dHbL or medial subregion of dHb (dHbM) caused a stronger predisposition 
to lose or win a fight, respectively. These results demonstrate that the dHbL and dHbM 
comprise a dual control system for conflict resolution of social aggression. 


ggression is an evolutionarily conserved 
behavior critical for animal survival (J, 2). 
When conflict is unavoidable, animals use 
aggression to establish a social hierarchy 
that determines how to share limited re- 
sources (2). Most animal conflicts aim at estab- 
lishing a social hierarchy rather than causing 
lethal damage to opponents (7-4), which achieves 
the best cost-benefit for the group. However, the 
biological mechanisms governing the resolution 
of social conflict remain largely unknown. To 
address this question, we isolated adult male 
zebrafish for 24 hours and then put them together 
to fight in pairs (Fig. 1A) (5). Dyadic male zebrafish 
fights proceed in a stereotypic manner, starting 
with each animal exhibiting display behaviors, 
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followed by circling and biting attacks, and end- 
ing when one fish shows fleeing behavior indicat- 
ing surrender (Fig. 1B and movie S1) (5). 

To investigate the neural circuits underlying 
the regulation of social conflict, we focused on 
the dorsal habenula-interpeduncular nucleus (dHb- 
IPN) pathway. We previously demonstrated that 
the lateral subregion of the zebrafish dHb (dHbL) 
sends axons to the dorsal IPN (dIPN) and the 
intermediate IPN (iIPN) (Fig. 1C), and efferent 
axons from the d/iIPN pass through the dorsal 
raphe to reach the dorsal tegmental area (DTA) 
(6, 7) containing a putative region correspond- 
ing to the mammalian periaqueductal gray (PAG) 
(Fig. 2A). Because the PAG regulates fight, flight, 
and freezing behaviors (8), we wondered if the 
dHbL-d/iIPN pathway signals information criti- 
cal for fight and flight behaviors during aggres- 
sive conflicts. We performed calcium imaging of 
acute brain slices to visualize neural activity after 
electrical stimulation of the Hb (Fig. 2A and fig. 
$1). In both naive and winner fish, we found an 
intense activity spot in the dIPN and scattered 
spots in the DTA region (Fig. 2, B and C, and 
movies S2 and S3), reflecting activation of the 
dHbL-d/iIPN-DTA pathway. In contrast, in loser 
fish we observed intense activity mainly in the 
ventral IPN (vIPN) and the median raphe (MR) 
(Fig. 2D and movie S4). In the dIPN, the peak of 
fluorescence intensity in winners was similar to 
that in naive fish but was significantly reduced in 
losers (Fig. 2E). In the vIPN, we found a higher 


fluorescence intensity in loser fish than in win- 
ner and naive fish, although it did not reach 
statistical significance (Fig. 2E). 

To further investigate neural activity of the 
dHbL-d/iIPN and dHbM-i/VIPN circuits in win- 
ner and loser states, we performed in vivo electro- 
physiological recordings of local field potential 
(LFP) in the IPN (Fig. 2F). In the dIPN, the LFP 
amplitude evoked by electrical stimulation in the 
left Hb was similar between winners and naive 
fish but was significantly reduced in losers (Fig. 2, 
G and H). In contrast, naive fish, winners, and 
losers showed similar LFP levels in the vIPN (Fig. 
2, G and H) (9). Reduction in the transmission of 
the dHbL-d/iIPN circuit thus reflects a loser state, 
consistent with our calcium imaging data. The 
peak time latency and half decay time were sim- 
ilar among all conditions (fig. S2). Moreover, tract 
tracing results showed that the dIPN neurons 
coursed dorsally and caudally to extend to the 
DTA (Fig. 21), whereas the vIPN neurons projected 
to the MR (Fig. 2J), which is consistent with our 
previous data (6) and supports our calcium im- 
aging results. 

To investigate how the dHbL-d/iIPN and dHbM- 
i/vIPN pathways participate in fighting behaviors, 
we perturbed these neural circuits in adult zebra- 
fish. To silence the dHbL-d/iIPN pathway, we used 
a double transgenic line Tg(narp:GALVPI6);Tg 
[UAS:tetanus neurotoxin (TeNT)] in which neuro- 
transmission from the dHbL to the d/iIPN is se- 
lectively inhibited (6). We confirmed that TeNT is 
specifically expressed in the dHbL, by checking 
its expression in the Tg(narp:GALVPI16);Tg(UAS: 
TeNT);Te(brn3a-hsp70:GFP) zebrafish (Fig. 3A), 
and effectively blocks neurotransmission (fig. S3). 
To inhibit the dHbM-i/vIPN pathway, we first gen- 
erated a transgenic line Tg(gpr15I:GALVP16);Tg 
(UAS:GFP-TeNT) and then confirmed the gpr151: 
GALVP16-induced green fluorescent protein (GFP) 
expression in the dHb (Fig. 3B-1). Next, we crossed 
the Te(brn3a-hsp70:GFP-Cre) with a glutamatergic 
neuron-specific line, Tg(vglut2a:lowP-DsRed-loxP- 
GFP) (10), in which glutamatergic neurons in the 
dHbM and ventral Hb (vHb) express GFP (Fig. 3B- 
2). Finally, we generated a triple transgenic line 
Te(gpr151:GAL4VPI16);Tg(brn3a-hsp70:GFP-Cre); 
Te(UAS:loxP-DsRed-loxP-GFP-TeNT) in which GFP- 
TeNT was induced intersectionally only in the 
dHbM, and their axons could be observed in the 
vIPN (Fig. 3B-3 and fig. $4). These two Tg lines 
showed normal growth at developmental and adult 
stages, and the Hb-IPN circuit and structures 
throughout the whole brain were not affected 
(fig. S4) (6). 

Next, we let the dHbL- and the dHbM-silenced 
fish fight against their wild-type (WT) siblings. 
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(2) Circling 


(4) Winner/loser determination 


Fig. 1. Schematic illustration of fighting behavioral task and the Hb-IPN circuit. (A) Schematic illustration of the fighting behavioral task. (B) Schematic 
illustration of dyadic fighting behaviors in male zebrafish. (©) Schematic illustration showing a dorsal oblique view of the axon projections from the dHbL to the 
d/ilIPN (red), the dHbM to the i/vIPN (green), and the vHb to the MR (blue) in the adult zebrafish brain. OB, olfactory bulb; PP, para-pineal organ. 
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(E) Average peak calcium signal in the dIPN (naive fish, 1.58 + 0.55, n = 5 fish; winner, 0.68 + 0.15, n = 9 
fish; loser, 0.20 + 0.08, n = 8 fish; P = 0.0132, Kruskal-Wallis test with Dunn's multiple comparison test) and the vIPN (naive fish, 0.84 + 0.16; winner, 0.91 + 
0.16; loser, 1.99 + 0.78; P = 0.2034, Kruskal-Wallis test). (F) Schematic illustration of electrophysiology recording in vivo. (G) Extracellular responses 
evoked by electrical stimulation to the left Hb in the IPN. Five traces were averaged for each condition. The arrowheads indicate the timing of stimulation. 
(H) Comparison of the peak LFP amplitude recorded from the dIPN (naive fish, 0.78 + 0.02 mV, n = 6 fish; winner, 0.85 + 0.05 mV, n = 8 fish; loser, 0.65 + 
0.04 mV, n = 8 fish; P = 0.0066, Kruskal-Wallis test with Dunn's multiple comparison test) and the vIPN (naive fish, 0.35 + 0.05 mV; winner, 0.39 + 0.03 mV; 
loser, 0.33 + 0.03 mV; P = 0.5685, Kruskal-Wallis test). The black circles indicate individual values, and the red squares indicate the average for each group. 
Data from a pair undertaking fighting behavior are linked by a black line. (I and J) Tract tracing by Neurobiotin. The efferents from the dIPN terminated in 
the DTA (I). The inset in (I) is a close-up view of the boxed area in (1) showing the efferents with boutons (arrowheads). Retrogradely labeled neurons were 
observed in the DTA (arrows). (J) The efferents from the vIPN terminated in the MR. The inset in (J) is a close-up view of the boxed area in (J) showing the 
efferents with boutons (arrowheads). Retrogradely labeled neurons were found in the MR (arrows). Scale bars, 100 um. Error bars in (E) and (H), mean + SEM. 
*P < 0.05; ns, not significant. 
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Fig. 3. Inactivation of the dHbL-d/iIPN and the dHbM-i/vIPN circuits dif- 
ferentially affects fight outcome. (A) In situ hybridization of TeNT (red) and 
immunofluorescent staining of GFP (green; for detection of brn3a-hsp70:GFP) 
in coronal sections of adult Tg(narp:GALVPI16);Tg(UAS:TeNT);Tg(brn3a-hsp70: 
GFP) fish brain. (B) Immunofluorescent staining of GFP (green; for detection of 
GFP-TeNT) and DsRed (red) in the coronal sections of adult 7g(gpr151:GALVPI16), 
Tg(UAS:GFP-TeNT) (B-1), Tg(brn3a-hsp70:GFP-Cre); Tg(vglutZa:loxP-DsRed-loxP-GFP) 
(B-2), and Tg(gpr151:GALVPI16); Tg(brn3a-hsp70:GFP-Cre), Tg(UAS:loxP-DsRed-loxP- 
GFP-TeNT) (B-3) fish brain. (C) The winning rate of the dHbL-silenced Tg against the 
WT sibling was significantly lower than the chance rate (0.5) (n = 20 fights; P = 
0.02069, binomial test), and the rate of the dHbM-silenced Tg against the WT 
sibling was significantly higher than the chance rate (0.5) (n = 27 fights; P = 
0.02612, binomial test). (D to F) Comparison of fighting duration (D) (dHbL WT 
sibling versus sibling, 250 + 48.6 s, n = 15 fights; dHbL-silenced Tg versus WT 
sibling, 387 + 54.9 s, n = 18 fights; P = 0.0555; dHbM WT sibling versus sibling, 
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962.7 +10.8s,n = 16 fights; dHbM-silenced Tg versus WT sibling, 266.8 + 45.2 s, 
n = 24 fights; P = 0.0008, Mann-Whitney test), latency (E) (dHbL WT sibling 
versus sibling, 283.6 + 55.4 s; dHbL-silenced Tg versus WT sibling, 278.6 + 423 s; P= 
0.9431; dHbM WT sibling versus sibling, 158.6 + 39.6 s; dHbM-silenced Tg versus WT 
sibling, 67.3 +10.4s;P=0.012, unpaired t test), and biting number (F) (dHbL WT 
sibling versus sibling, 130.7 + 18.7; dHbL-silenced Tg versus WT sibling, 234.4 + 
46.1; P= 0.0638; between dHbM WT sibling versus sibling, 23.1 + 4.1; and dHbM- 
silenced Tg versus WT sibling, 114.9 + 24.1; P= 0.0089, unpaired t test). (G to I) The 
fighting result and initially dominant rate of WT (G), the dHbL-silenced Tg (H), and 
the dHbM-silenced Tg (I) fish when they fought against their WT siblings. (J) Sche- 
matic illustration of behavioral task for testing experience effects in zebrafish fight. 
(K and L) The fighting result and initially dominant rate of the dHbL WT sibling 
winners (K) and the dHbL-silenced winners (L) when they fought against naive WT 
siblings in the second fight. Scale bars, 50 um. Bars in (D), (E), and (F) represent 
the average of each group. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. 
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The dHbL-silenced fish showed a significantly 
higher tendency (15 out of 20, 75%) to lose fights 
(Fig. 3C). We also confirmed that the result does 
not vary among the groups that were raised 
separately according to different birth dates (see 
the supplementary text). This predisposition to 
losing is not simply due to weaker physical fit- 
ness of the Tg fish. The duration, latency, and 
number of bites (“biting number”) of fights were 
similar between the fights of WT siblings versus 
WT siblings and those of the dHbL-silenced fish 
versus WT siblings (Fig. 3, D to F) [also see the 
results of a swimming performance test for phys- 
ical fitness evaluation (fig. S5, movie S5, and 
materials and methods)]. Moreover, anxiety level, 
locomotion activity, and aggressiveness level (mea- 
sured by the novel tank-diving test, open-field 
test, and mirror-biting test) of the dHbL-silenced 
fish were also similar to those of WT siblings 
(figs. S6 and S7A, and materials and methods). In 
contrast, the dHbM-silenced fish tended to win 
(19 out of 27, '70%) (Fig. 3C). The latency of a fight 
was significantly shorter in the fights of the 
dHbM-silenced fish versus WT siblings than that 
in those of WT siblings versus WT siblings (Fig. 
3E), although the mirror-biting frequency was 
similar (fig. S7B). Physical fitness, anxiety level, 
locomotion capability, and the responses to con- 
ditioned stimuli after cued fear conditioning 
were similar between the dHbM-silenced fish 
and their WT siblings (figs. S5, S6, and S8). 

We next analyzed time-lapse changes in biting 
frequencies during the whole fighting period. In 
WT fish, individuals that bit more frequently 
than their opponents during the first one or two 
minutes of the fight tended to win (15 out of 20, 
75%), indicating that initial dominance could be 
an effective predictor of fighting results (Fig. 3G, 
fig. S9, and table S1). The results of fights were 
not caused by individual intrinsic fitness. Indeed, 
as previously reported, at 1 hour after the first 
fight, WT zebrafish exhibited “winner effects.” A 
previous winning experience increases the prob- 
ability of winning the subsequent contest (5). 
However, when we identified and separated both 
winner and loser for 24: hours and let them fight 
against another naive fish, we found that the pre- 
vious winner and loser did not show a higher 
probability of winning or losing the subse- 
quent contests (figs. S10 and S11 and tables S2 
and S3). 

The WT siblings of the dHbL- and dHbM- 
silenced fish also showed a fighting pattern sim- 
ilar to WT fish (fig. S12 and S13 and tables S4 and 
S85). In the pairs of the dHbL-silenced fish versus 
WT siblings, all the WT siblings that showed ini- 
tial dominance won the fight (Fig. 3H, fig. S14, 
and table S6). In contrast, only 42% of the dHbL- 
silenced fish that showed initial dominance won 
(Fig. 3H), even though these Tg fish did not show 
a lower rate in becoming initially dominant (7 = 
20 fish; P = 0.8684, binomial test) (Fig. 3H). When 
the dHbM-silenced fish fought against their WT 
siblings, they showed a significantly higher ten- 
dency to be initially dominant (80%) than their 
WT siblings (20%) (n = 25 fish; P = 0.002039, 
binomial test) (Fig. 31, fig. $15, and table $7). 
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Among 20 Tg fish that showed initial domi- 
nance, 15 fish won (Fig. 31). Quite intriguingly, 
three out of five (60%) dHbM-silenced fish that 
showed initial inferiority eventually won (Fig. 31). 
These results indicate that the dHbM-silenced 
fish showed a higher tendency to win than their 
WT siblings, even when they were initially inferior. 

As mentioned above, at 1 hour after the first 
fight, WT zebrafish exhibited “winner effects.” We 
investigated whether the same effect also held 
true in the dHbL-silenced fish (Fig. 3J). We 
found that 90% of WT siblings of the dHbL- 
silenced fish that won the first fight also won a 
second fight against a naive fish (Fig. 3K). All 
WT sibling winners of the first fight showed 
initial dominance in the second fight (Fig. 3K, 
fig. S16, and table S8). In contrast, only 30% of 
the dHbL-silenced winners won the second fight 
(3 out of 10). The winning rate of the dHbL- 
silenced winners in the second fight was similar 
to that when the naive dHbL-silenced fish fought 
against their WT siblings, as described above (Fig. 
3C), indicating that previous winning experiences 
did not increase the probability for winning the 
subsequent fight in the dHbL-silenced fish. Only 
50% of the dHbL-silenced winners of the first 
fight showed initial dominance in the second 
fight, and 60% of these lost the second fight (Fig. 
3L, fig. S17, and table S9). The impairment of win- 
ner effects in the dHbL-silenced fish was not due 
to accumulated fatigue during the first fight, be- 
cause the duration and biting number of the sec- 
ond fight was not reduced compared with the 
first fight (fig. S18). In contrast, we did not ob- 
serve a higher winning tendency in the dHbM- 
silenced loser fish. Most the dHbM-silenced losers 
and their WT siblings lost in the second fight, as 
did most of the WT losers (loser effects). 

The mechanisms by which the dHbL-d/iIPN 
and dHbM-i/vIPN circuits facilitate winner and 
loser behaviors may be due to their projections to 
the DTA and MR, respectively. The reduction in 
transmission of the dHbL-d/iIPN pathway with 
an accompanying reduction in the activity of the 
DTA (Fig. 2D) that contains a putative homolo- 
gous brain region of the mammalian PAG might 
switch fish behaviors from attacking to fleeing. 
On the other hand, the dHbM-i/vIPN pathway 
may increase the tendency to lose through inhib- 
itory outputs to repress the activity of the MR that 
was proposed to reduce anxiety- and depressive- 
like behaviors by increasing resilience to aversive 
stimuli (12). As the dHbL and dHbM antagonis- 
tically modulate the outcome of fights, it is possible 
that the interaction between these two regions 
determines the fighting results. Because we did 
not find neural connections between the dHbL 
and the dHbM, neural activity and interaction 
between the dIPN and the vIPN may play a key 
role in regulating fight resolution. Therefore, it is 
possible that the dHb-IPN pathway acts as a 
binary switchboard to affect fight outcomes. The 
left and right dHbL and dHbM are known to 
show characteristic size asymmetry (Fig. 1C) (12). 
A recent study demonstrated that impairment of 
epithalamic left-right asymmetry increases anx- 
iety in zebrafish (73). Thus, it is intriguing to ex- 


amine whether disruption of left-right asymmetry 
also influences the outcomes of fights. In addition, 
we found that loss of the ventral Hb (vHb)-raphe 
transmission impairs proper loser behaviors to 
avoid further attacks from the winners (see fig. 
S19 and movies S6 and S7 for details) (74). In 
conclusion, different parts of the Hb differentially 
regulate the social conflict—i.e., the two subre- 
gions of the dHb regulate the resolution of the 
social conflict, and the vHb contributes to the 
maintenance of the loser behaviors. 
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IMMUNE REGULATION 


A long noncoding RNA associated 
with susceptibility to celiac disease 


Ainara Castellanos-Rubio,’ Nora Fernandez-Jimenez,” Radomir Kratchmarov,* 
Xiaobing Luo, Govind Bhagat,** Peter H. R. Green,” Robert Schneider, ® 
Megerditch Kiledjian,* Jose Ramon Bilbao,” Sankar Ghosh’* 


Recent studies have implicated long noncoding RNAs (IncRNAs) as regulators of many 
important biological processes. Here we report on the identification and characterization 
of a IncRNA, Inc13, that harbors a celiac disease—associated haplotype block and represses 
expression of certain inflammatory genes under homeostatic conditions. Lnc13 regulates 
gene expression by binding to hnRNPD, a member of a family of ubiquitously expressed 
heterogeneous nuclear ribonucleoproteins (hnRNPs). Upon stimulation, Inc13 levels are 
reduced, thereby allowing increased expression of the repressed genes. Lnc13 levels are 
significantly decreased in small intestinal biopsy samples from patients with celiac 
disease, which suggests that down-regulation of Inc13 may contribute to the inflammation 
seen in this disease. Furthermore, the Incl3 disease-associated variant binds hnhRNPD 
less efficiently than its wild-type counterpart, thus helping to explain how these 
single-nucleotide polymorphisms contribute to celiac disease. 


oughly 80% of the phenotype-related loci 

identified by genome-wide association 

studies (GWAS) of many human diseases 

map to noncoding genome regions. Long 

noncoding RNAs (IncRNAs) represent a 
large portion of noncoding regions across the ge- 
nome (1); however, the link between the GWAS 
phenotype-related loci on IncRNA expression or 
function—and the implications for disease—remain 
uncharacterized (2, 3). Celiac disease (CeD) is a 
chronic, immune-mediated intestinal disorder 
that is caused by intolerance to ingested gluten 
and develops in genetically susceptible individu- 
als (4, 5). Recent studies have revealed 39 non- 
human lymphocyte antigen regions associated 
with a risk of CeD development, including many 
in noncoding regions (6-8). 

Among the 14 CeD-associated intergenic single- 
nucleotide polymorphisms (SNPs) identified by 
GWAS (table S1) (9), rs917997 is 1.5 kb apart from 
the 3’ end of the JLI8RAP coding gene in chro- 
mosome 2. This region harbors a total of five 
other CeD-associated SNPs that are transmitted 
with rs917997 as a haplotype block. No transcript 
had been mapped to this region in the human 
genome, although in the positionally equivalent 
conserved region in mouse, a gene (Incl3) en- 
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coding a 2.8-kb transcript has been classified as 
noncoding, which partly sense-overlaps with the 
Il18rap gene (10) (fig. SIA). Using 5’ and 3’ rapid 
amplification of cDNA ends, we defined the ends 
of mouse Incl13, confirming that although the 5’ 
end of Incl13 overlaps with the 3’ end of I/18rap, 
the two RNAs are independent (fig. S1B). Poly- 
merase chain reaction (PCR) products generated 
using PCR primer pairs located along the I]18rap 
and Incl3 cDNAs (fig. S1C), as well as Northern 
blot analysis (fig. S1D), further demonstrate that 
118rap and Incl13 are independent transcripts. 

As this region is highly conserved between 
mice and humans (66.5% identity by TransMap 
alignment, 59% identity by pairwise alignment) 
(figs. SIB and S2A), we hypothesized that an equi- 
valent IncRNA might exist in the human genome. 
Intestinal cell RNA sequencing (RNA-seq), histone 
modification, chromatin signature, and deoxy- 
ribonuclease hypersensitivity site (DHS) data, 
together with RNA-seq signals in different tissues 
(1D, support the presence of an expressed tran- 
script in this region (fig. S2, A and B). Although 
the exact ends of the human IncRNA remain to 
be determined, we confirmed the existence of a 
DHS, which typically denotes a regulatory region 
such as an active promoter, close to the predicted 
5’ end of the human IncRNA (fig. S3A). DHSs 
were shown to precede both the JLI8RAP gene 
and the /ncI3 gene, supporting their independent 
expression (fig. S3A). Expression of processed, 
polyadenylated, and capped human Incl13 was con- 
firmed in the U937 myeloid cell line (fig. S3B), where 
Inc13 is expressed at a low level of ~10 molecules 
per cell (fig. S3C), similar to other IncRNAs (22, 13). 
Moreover, RNA in situ hybridization of intestinal 
paraffin-embedded sections using RNAscope tech- 
nology (14) confirmed expression of human Inc13 
(Fig. 1A). 

Differential expression of Inc13 in different hu- 
man tissues indicates a possible tissue-specific 


role (fig. S3D). As our main focus was the intes- 
tinal epithelia, given its role in CeD, we examined 
the presence of the Inc13 transcript in situ in the 
lamina propria (Fig. 1A) and whole-villi sections 
of small intestinal biopsy samples (fig. S4A). Bio- 
psies from CeD patients appeared to have sub- 
stantially lower amounts of Incl13 compared with 
controls (Fig. 1A and fig. S4A). Quantitation of 
the decrease of Inc13 in intestinal biopsies of 
patients with CeD revealed that Inc13 was signif- 
icantly down-regulated in tissues from patients 
compared with healthy controls (Fig. 1B). In con- 
trast, the expression of the overlapping ILI8RAP 
coding gene was increased in patient samples 
(fig. S4B). Both lamina propria lymphocytes (LPLs) 
and intraepithelial lymphocytes from the small 
intestine express Inc13, but the decreased level 
was observed only in the LPL fraction, pointing 
to a cell type-specific regulation. 

We found that the subcellular localization of 
Inci3 is primarily nuclear in both mouse and hu- 
man macrophages (fig. S4, C and D). In situ hy- 
bridization on small intestinal biopsies also showed 
nuclear localization of Inc13 in the mononuclear 
cells of the lamina propria (fig. S4E). Together, 
the nuclear localization, the poor Kozak consen- 
sus sequence in the predicted open reading frame, 
and the absence of Pfam domains as assessed by 
the ATGpr (15) and European Molecular Biology 
Laboratory-European Bioinformatics Institute 
InterPro prediction programs (J6) strongly suggested 
that Inc13 is unlikely to encode a protein product. 

To further characterize Inc13, we stimulated mouse 
bone marrow-derived macrophages (BMDMs) with 
lipopolysaccharide (LPS) to mimic an inflammatory 
environment, as evidenced by the accompanying 
increase in interleukin-6 (IL-6) (Fig. 1C). Consistent 
with observations in CeD patients, the level of 
Incl3 decreased significantly upon LPS stimula- 
tion (Fig. 1C and fig. S5A), whereas I118rap levels 
showed a transient increase (fig. S5A). Similar 
results were seen in immortalized bone marrow- 
derived mouse macrophages (iBMMs) and mono- 
cytic cells from the human U937 line (fig. S5, B 
and C). The LPS-induced decrease of Inc13 is 
dependent on Myd88 and NF-«B (Fig. 1D and fig. 
S5, D and E), consistent with the observation that 
NF-«B is constitutively active in the mucosa of 
patients with CeD (4). The lack of Myd88 did not 
affect 1118rap induction but does affect IL-12 (Fig. 
1D and fig. S5F). In the absence of NF-«B signal- 
ing (Fig. 1D and fig. S5, D and E), we observed an 
increase in Inc13 expression, which suggests that 
Incl3 is continuously transcribed as a stable ncRNA 
(fig. S5G) that is degraded by a pathway dependent 
on NF-«B signaling. 

We compared expression changes of Inc13 with 
those of 92 protein-coding genes with established 
inflammatory roles. After LPS stimulation, differ- 
entially expressed genes were grouped by their 
temporal expression pattern (17) (table S2). The 
expression pattern of the Traf2, Stati, Stat3, Tnfsf10, 
Tl2ra, Ccl12, Myd88, Csf3, and IlIra genes inverse- 
ly correlated with changes in Inc13 (Fig. 2A). Expres- 
sion of four of these genes (TRAF2, STATI, ILIRA, 
and MYD88) was significantly increased in bio- 
psies from CeD patients, which suggests that Inc13 
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Fig. 1. Lncl3 is an inflammation-dependent IncRNA 
whose expression is decreased in patients with 
CeD. (A) Lncl13 expression in human intestinal lam- 
ina propria was detected by RNAscope technology. 
Representative pictures of five samples per condition 
are shown. Positive control: PPIB; negative control: 
bacterial dapB. (B) Quantitative expression (2-4) of 
human Inc13 using a custom TaqMan expression as- 
say in small intestinal biopsies of control and CeD 
patients. **P < 0.01; unpaired two-sample t test. 
(C) Quantitative expression of mouse Inc13 (top) and 
a stimulation control (IL-6) (bottom) in response to 
LPS time-course stimulation in primary macrophages. 
Results represent average and SE (error bars) of three 
independent experiments. **P < 0.01, +P < 0.1; un- 
paired t test. (D) LPS-induced modulation of Inc13 


A 


Active CeD 
Inc13 probe 


(left) and IL-12 control (right) leve 
KO BMDMs extracted from three 


sin WT and Myd88 
pairs of mice. Data 


represent the average and SE of three independent 
experiments. **P < 0.01, +P < 0.1; unpaired t test. 


Fig. 2. Lncl13 regulates a subset of 
CeD-related inflammatory genes. 
(A) Heat map of the differential 
expression of a cluster of NF-«B- 
regulated genes that exhibit expres- 
sion kinetics highly correlated with 
nc13 expression kinetics in response 
to LPS stimulation (correlation 
coefficient R > 0.8) of BMDMs. 

B) Celiac disease patients present 
significantly higher levels of the coex- 
pressed genes indicated in (A), as 
measured by reverse transcription 
RT)-QPCR. Horizontal lines repre- 
sent average values; white rectangles 
span the 25th and 75th percentile in 
each group. **P < 0.01, *P < 0.05, 
+P = 0.05; unpaired t test. (C) Immor- 
talized macrophage cell line stably 
overexpressing Incl3 by a retroviral 
pBabe-puro vector shows decreased 
expression of target genes. Data 
represent the average and SE of four 
independent experiments. **P < 0.01, 
*P < 0.05, +P < O.1; unpaired t test. 
D) Immortalized macrophages show 
ower levels of Inc13 after transfection 
of custom small interfering RNAs, 
using the HiPerfect reagent. Lower 
ncl3 levels result in increased 
expression of the target genes. Data 
represent the average and SE of four 
independent experiments. **P < 0.01, 
*P < 0.05, +P < O.1; unpaired t test. 
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levels affect this subset of inflammatory genes 
(Fig. 2B). Increased levels of Incl3 reduced the 
expression of the predicted targets, as listed above 
(Fig. 2C), whereas reduction of Inc13 had the oppo- 
site effect (Fig. 2D and fig. S5, H and I), demon- 
strating a link between Incl3 and the target 
genes. I-15 and [118rap (Fig. 2, C and D, and fig. 
85, I and J), which have been associated with 
CeD pathogenesis (18, 19), did not show significant 
expression changes upon alteration of Inc13 levels, 
suggesting that Incl3 affects the expression of a 
certain subset, but not all the genes that have 
been implicated in CeD pathogenesis. 

We observed that de novo transcription and 
protein synthesis are involved in the reduction of 
Incl13 observed in LPS-treated macrophages and 
CeD biopsies (fig. S6A). The high stability of Inc13 
(fig. S5G) points to a posttranscriptional regula- 
tion of this ncRNA. Given the involvement of 
NF-«B (fig. SSE) and MyD88 (Fig. 1F and fig. 
S5D) in Incl3 regulation, we hypothesized that 
LPS-induced activation of NF-«B, through a 
MyD88-dependent pathway, leads to synthesis 
of a protein that is responsible and necessary 
for the reduction of Inc13 RNA. Decapping en- 
zymes, which destabilize capped mRNAs and 
IncRNAs, have been described to regulate IncRNA 
levels (20). The expression pattern of decapping 


protein 2 (Dcp2) was inversely correlated with the 
level of Inc13 in LPS-stimulated iBMMs (Fig. 3A 
and fig. S5B) and BMDMs (Fig. 1C and fig. S6B). 
An increase of total (fig. S6, C and D) and nuclear 
Dep2 (Fig. 3B and fig. S6E) after LPS stimulation 
in mouse and human macrophages was also ob- 
served. Furthermore, biopsies of CeD patients 
showed increased DCP2 expression (Fig. 3C) and 
relatively higher levels of nuclear Dcp2 as com- 
pared with controls (Fig. 3D). iB MMs and BMDMs 
from Dep2 hypomorphic knockout (KO) mice (27) 
stimulated with LPS do not show Incl3 down- 
regulation (Fig. 3E and fig. S6F), and accumula- 
tion of the Incl3 transcript was seen after LPS 
stimulation in KO mice, strongly suggesting that 
Dep2 recognizes Inc13 and causes its degradation. 
The same pattern was observed when we used 
human cell lines mutant for the Dep2 catalytic 
domain or Dep2 KO (fig. S6G). Dep2 functions by 
binding RNA to recognize the cap for hydrolysis 
(22). Structural features at the 5’ end of RNA tran- 
scripts are known to be essential for Dcp2 tar- 
geting (22). We observed that wild-type (WT) Inc13 
binds Dep2 significantly more effectively than the 
5’ Incl3 mutants (Fig. 3F), which were predicted to 
have an altered 5’ loop structure (fig. S6H). These 
results suggest that recognition of Incl3 by Dcep2 
in inflamed tissue contributes to the degradation 
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Fig. 3. The Dcep2 decapping enzyme regulates Incl13 levels. (A) Dcp2 expression was measured by 
RT-QPCR in response to LPS stimulation in iBMMs. Data represent the average and SE of three in- 
dependent experiments. (B) Dcp2 protein levels are increased in the nucleus in response to LPS stim- 
ulation of iBMMs. (C) Celiac patients show higher levels of Dcep2 expression, as measured by RT-QPCR. 
Horizontal lines represent average values; white rectangles span the 25th and 75th percentile in each 
group. *P < 0.05, +P = 0.1; unpaired t test. (D) Localization of Dcp2 is mostly nuclear in fractions of 
intestinal biopsies of patients with CeD compared with healthy controls. This representative figure shows 
a blot performed on three samples per condition. cyt, cytoplasmic fraction; nuc, nuclear fraction. (E) Lnc13 
expression pattern after LPS stimulation of WT (black bars) and Dcp2 KO (white bars) iBMMs. Data 
represent the average and SE of three independent experiments. *P < 0.05, +P < 0.1; unpaired t test. 
(F) WT or 5’ mutant forms of IVT Inc13 were incubated with lysates from cells overexpressing an empty 
vector (ev) or FLAG-tagged Dcp2. Dcp2 was immunoprecipitated with an antibody to FLAG, and Incl13 
levels were quantified by RT-QPCR. The amount of Inc13 in the pulldown is relative to the input of the IVT 
RNAs and normalized to the full-length WT Inc13. Data represent the average and SE of three inde- 
pendent experiments, **P < 0.01, *P < 0.05; paired t test. 
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of Inc13 and the ensuing induction of a subset of 
inflammatory genes. 

Nuclear Inc13 was almost exclusively localized 
to the chromatin fraction (Fig. 4A), which suggests 
that it might regulate expression of target genes by 
recruiting accessory factors to chromatin, similar 
to the proposed mechanism of other characterized 
IncRNAs such as Inc-COX2 or HOTAIR (23, 24). 
The recently described RNA antisense purification 
(RAP) approach (25), followed by quantitative PCR 
(QPCR) of specific regions, confirmed the binding 
of Inc13 to the transcriptional start sites (TSSs) of 
the target genes (Fig. 4B and fig. S7A). Lncl3- 
bound proteins were pulled down and subjected 
to mass spectrometry analysis (fig. S7, B and C, 
and table S3). One of the major Inc13-binding pro- 
teins was an hnRNP (23, 24, 26), namely hnRNPD 
(also known as AUF). Mice lacking hnRNPD de- 
velop an inflammatory skin disease (27). hnRNPD 
is able to regulate gene expression through differ- 
ent mechanisms, including interacting with mem- 
bers of the nucleosome-remodeling complex, NuRD, 
to regulate the epigenetic state of chromatin (28). 
BMDMs from hnRNPD KO mice did not show 
any effect on Incl3 down-regulation kinetics (fig. 
S7D), but expression of Inc13-affected genes in un- 
stimulated and LPS-stimulated cells was increased 
(Fig. 4C). Human U937 cells also showed increased 
target gene expression when hnRNPD was knocked 
down (fig. S7E). Although hnRNPD is expressed 
as four different isoforms, we found that the p42 
isoform bound most efficiently to Inc13. The p42 
isoform is also known to be localized to chromatin 
(29). Chromatin immunoprecipitation (ChIP)- 
QPCR analysis revealed that hnhRNPD binds to 
the same regions of chromatin as Inc13, but the 
bound hnRNPD is lost after LPS-stimulated Inc13 
degradation (fig. S7F). The chromatin localization 
of both Inc13 and hnRNPD (Fig. 4A and fig. S7G), 
together with the enrichment of both factors in 
the TSSs of the target genes, further supports the 
hypothesis that the Inc13-hnRNPD complex func- 
tions as a regulator of expression of a subset of 
inflammatory genes. Interestingly, Hdacl, which 
is a component of the NuRD remodeling com- 
plex, was detected in the hnRNPD p42-lnc13 
complex (fig. S7H). Lnc13 was seen to coimmuno- 
precipitate with Hdacl in nuclear extracts from 
mouse and human macrophages (Fig. 4D and fig. 
S71). Consistently, ChIP analysis showed enrich- 
ment of Hdacl in the TSSs of Inc13-regulated genes 
in the steady state, as well as loss of Hdacl bind- 
ing after LPS stimulation when Inc13 levels were 
reduced (fig. S7J). Hdacl is less efficiently bound 
to the Incl3 target promoters in cells lacking 
hnRNPD versus WT cells (Fig. 4E), suggesting 
that hnRNPD is necessary for Hdacl to bind the 
Incl13-regulated promoters. hnRNPD and Hdacl 
showed decreased enrichment in the TSSs of the 
target genes in Incl3 knocked-down (kd) cells 
compared with those with normal Inc13 levels 
(Fig. 4F and fig. S7K). The Incl3 kd cells showed 
higher levels of the target gene expression but no 
differences in hnRNPD expression (fig. S5J). Taken 
together, these data suggest that, as described 
for the binding of Hdac3 by Xist IncRNA (30), 
Inc13 acts as a link between hnRNPD, Hdacl, and 
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chromatin to regulate expression of certain in- 
flammatory genes (fig. S9). 

The direct interaction between Inc13 and hnRNPD 
led us to ask whether the CeD-associated SNP 
block within Incl3 alters this binding. In fact, the 


IncRNA structure is predicted to be substantially 
altered based on the SNP genotype (fig. S8A). 
Consistent with such a prediction, in vitro- 
transcribed (IVT) forms of WT and the CeD allele- 
containing Inc13 reveal dramatically different 


mobilities on a native agarose gel (fig. S8B). We 
evaluated the influence of the disease-associated 
SNPs in the binding between Inc13 and hnRNPD 
(p42) in human cell lines homozygous for dif- 
ferent allelic variants of Incl3: “CC” (WT) and “TT” 
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Fig. 4. Lnc13 regulates gene expression by binding to hnRNPD p42 and 
Hdacl on chromatin. (A) Determination of Inc13 subcellular localization. Data 
represent the average and SE of three independent experiments. Ubc was used 
as a cytoplasmic control and Xist as a chromatin-associated RNA control. 
cytopl, cytoplasm; nucleopl, nucleoplasm; chrom, chromatin. (B) Lncl3 was 
purified by the RAP technique, using antisense oligos. Data represent the 
pulldown percent enrichment of RNA (left) and DNA (right) compared with the 
sense oligos used as controls. Average and SE of three independent ex- 
periments are represented in the graph. (C) Expression of Inc13 target genes in 
BMDMs from hnRNPD KO mice at the basal state and after LPS stimulation. 
Tumor necrosis factor-a was used as a positive control of overexpression in 
the KO cells. Data represent the average of three independent experiments. +P 
= 0.1, *P < 0.05; unpaired t test. (D) Interaction between Hdacl and Inc13 by 
IP and RT-QPCR. Data represent the average and SE of three independent 
experiments. lgG, immunoglobulin G. (E) ChIP of Hdacl in WT and hnRNPD 
KO macrophages. Data represent the average fold enrichment and SE of 
three independent experiments. Actin was used as a negative IP control. +P < 
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0.1, *P < 0.05, **P < 0.01; enrichment based on one-tail z-test; comparison 
between WT and hnRNPD KO based on two-tailed t test. (F) ChIP of 
hnRNPD in macrophages transduced with empty vector (ev) and with a 
Incl3 short hairpin RNA (sh-Inc13). Data represent the average fold 
enrichment and SE of five independent experiments. Actin was used as a 
negative IP control. *P < 0.05, **P < 0.01; enrichment based on one-tail z 
test; comparison between shincl3 and ev based on two-tailed t test. (G) 
Relative binding affinity of CC- and TT-harboring RNAs to FLAG-hnRNPD, as 
assessed by FLAG IP and subsequent RT-QPCR. Average and SE data 
relative to the CC sample are from six independent pulldown experiments. 
*P < 0.05; paired t test. (H) Quantification of the amount of each allele 
bound to FLAG-hnRNPD in the heterozygous cell line 293FT (embryonic 
kidney cells). After IP, each allele was quantified by a dual-color TaqMan 
assay. Retrieved Inc13 was normalized to input and calculated relative to the 
C allele. Data represent the average and SD of three independent exper- 
iments. RPLPO was used as a negative control. **P < 0.01; paired t test. 
Gapdh, glyceraldehyde-3-phosphate dehydrogenase. 
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(disease-associated). Whereas hnRNPD was able 
to retrieve both forms of Inc13, disease-associated 
Incl3 was significantly less efficiently bound to the 
protein in all of the analyzed cell lines (Fig. 4G and 
fig. S8C). We made the same observation when 
IVT alleles of Inc13 were used for the pulldown 
(avoiding the background genomic variation of 
the different cell lines) (fig. S8D). Experiments 
using heterozygous cell lines for rs917997 and 
expressing both alleles confirmed the preferen- 
tial binding of the C allele (Fig. 4H and fig. S8E). 
This observation strongly suggests a functional 
importance for the risk-associated Inc13 haplotype. 

The studies presented here identify Inc13 as a 
previously unrecognized IncRNA that harbors CeD- 
associated SNPs; demonstrate that Inc13 is de- 
graded by Dep2 after NF-«B activation; and, most 
importantly, show that Incl13 is able to regulate 
the expression of a subset of CeD-associated in- 
flammatory genes through interaction with chro- 
matin and the multifunctional protein hnRNPD 
(fig. S9). We believe that Inc13 plays a role in the 
maintenance of intestinal mucosal immune ho- 
meostasis and that dysregulation of Inc13 expres- 
sion and function—as a result of decapping and 
genetic polymorphisms, respectively—contributes 
to inflammation in autoimmune disorders such 
as CeD. Fully deciphering the mechanisms by which 
Incl3 contributes to the promotion of inflamma- 
tion may shed light on the mechanisms regulating 
gene expression and might also reveal previously 
unidentified targets for use in the diagnosis or 
treatment of inflammatory diseases such as CeD. 
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MAMMALIAN GERM CELLS 


Mouse oocytes differentiate through 
organelle enrichment from sister cyst 


germ cells 


Lei Lei*} and Allan C. Spradlingt 


Oocytes differentiate in diverse species by receiving organelles and cytoplasm from sister 
germ cells while joined in germline cysts or syncytia. Mouse primordial germ cells 

form germline cysts, but the role of cysts in oogenesis is unknown. We find that mouse 
germ cells receive organelles from neighboring cyst cells and build a Balbiani body to 
become oocytes, whereas nurselike germ cells die. Organelle movement, Balbiani body 
formation, and oocyte fate determination are selectively blocked by low levels of 
microtubule-dependent transport inhibitors. Membrane breakdown within the cyst and an 
apoptosis-like process are associated with organelle transfer into the oocyte, events 
reminiscent of nurse cell dumping in Drosophila. We propose that cytoplasmic and 
organelle transport plays an evolutionarily conserved and functionally important role in 


mammalian oocyte differentiation. 


ammalian oocytes are the only cells that 

can develop into a mammalian embryo, 

but during the normal life cycle, only a 

small number of mature oocytes are 

produced. Efforts to generate functional 
oocytes from pluripotent stem cells or from somatic 
cells have met with limited success (7). As a result, 
oocytes represent the limiting component of many 
genetic, biotechnological, and assisted repro- 
ductive procedures. Gaining a deeper understand- 
ing of normal oocyte development might reveal 
processes needed to support early embryogenesis 
and could provide a rational framework for in- 
creasing the supply of functional, high-quality 
oocytes. 

Oocytes differentiate in diverse species by re- 
ceiving organelles and cytoplasm while joined 
together with sister germ cells. In many insects 
and lower vertebrates, synchronous mitotic divi- 
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sions of precursor germ cells generate germline 
cysts connected by intercellular bridges known 
as ring canals (2, 3). In Drosophila, organelles 
and RNAs move into one of the 16 cyst cells along 
stable microtubules that span the ring canals. 
The single downstream cell receiving these orga- 
nelles accumulates an aggregate known as a 
Balbiani body and becomes an oocyte (4). After 
further growth, the other 15 cells, known as nurse 
cells, actively dump most of their remaining cyto- 
plasm into the oocyte before undergoing atypical 
programmed cell death (5). In nematodes and 
several other insect groups, early female germ cells 
form a syncytium through which organelles and 
cytoplasm are transferred into a subset of cells 
that become oocytes (2). In hydra, early oocytes 
acquire extra cytoplasm by fusing with neighboring 
nurse cells (2, 6). Genetic studies in Drosophila 
show that intercellular cytoplasmic transport is 
microtubule-dependent and essential for oocyte 
production (7). 

Whether mammalian oocytes acquire organ- 
elles from sister cells and how this process might 
occur have not been decisively established (Fig. 
1A). After migration to the gonad at embryonic 
day 10.5 (E10.5), all mouse primordial germ cells 
form interconnected cysts of up to 30 germ cells 
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(8, 9). Newly formed cysts sustain ongoing apop- 
tosis and fragment into smaller cysts (9). By post- 
natal day 4 (P4), an average of 6.4 cells (i.e., 20% 
from the initial 30) survive as primary oocytes 
containing a Balbiani body within a primordial 
follicle (Fig. 1A) (10). However, the importance of 
cysts for mouse oogenesis has been questioned. 
Female mice mutant for the ring canal protein 
TEX14 are still fertile, suggesting that cysts are an 
evolutionary relic (77). 

The process of analyzing mouse cysts has been 
hampered by the tight packing of germ cells with- 
in the fetal ovary. Recently, methods of tracing the 
lineage of single germ cells have overcome this 
problem by marking just one founder germ cell’s 
progeny (9). We used confocal microscopy and 
three-dimensional analysis software to deduce 
the structure of individual lineage-labeled cysts 
stained for TEX14. Our studies revealed a variety 
of interconnection patterns within mouse cysts 
(Fig. 1, C to E). As in many other species, ring 
canals differ in size (Fig. 1C) and sometimes 
cluster in one region of the cell membrane (Fig. 1, 
C to E) (2). On E14.5, ~14% of germ cells in cysts 
contain three or four ring canals (table $2), and 
these highly branched cells are selectively pre- 
served (Fig. IF) (P < 0.05; y” test). Staining with 
an antibody against TEX14 did not highlight ring 
canals in cysts younger than E14.5 (fig. S1), con- 
sistent with the continued formation of cysts in 
TexI4 mutants (17). 

We looked for evidence of intercellular organ- 
elle movement between sister mouse germ cells 
marked by lineage labeling. To examine centro- 
some movement, a hallmark of Drosophila cyto- 
plasmic transfer (72), we stained fetal ovaries for 
Pericentrin or y-tubulin (Fig. 2, A and B). At E14.5, 
germ cells contained a single centrosome, as re- 
vealed by a single dotlike focus of Pericentrin 
staining. However, by E17.5, 20% of cells had ac- 
quired an additional centrosome, and by PO, these 
cells had three or four centrosomes [Fig. 2, A 
(arrows) and B]. Moreover, smaller putative meiotic 
centrosomes appeared that are distinct from the 
accumulating centrosomes (fig. S2). These obser- 
vations suggest that centrosomes are transferred 
through cellular interconnections into a subset 
of germ cells but remain distinct from meiotic 
centrosomes. 

Further evidence connecting intercellular trans- 
port to oocyte differentiation was obtained using 
GM130 staining to mark Golgi bodies (Fig. 2C). 
At E14.5, a small cluster of Golgi material (arrow) 
was found in all germ cells, often near the cen- 
trosome. However, between E17.5 and PO, some 
cells accumulated extra Golgi material (arrows) 
that later coalesced into a sphere, indicative of 
Balbiani body formation (arrowheads). Multiple 
Pericentrin-positive centrosomes accumulated at 
the Balbiani body, showing that the same cells 
accumulate extra Golgi and centrosomes. By 
P4, the transferred centrosomes fused together, 
forming a large mass in the center of the Balbiani 
body (arrowheads in Fig. 2, A and C). Staining 
with y-tubulin could often resolve three to five 
individual subfoci in the Balbiani body (arrow- 
heads in P4 panels of Fig. 2, A and C), as well as 
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some that remain outside (arrow in P4 panel of 
Fig. 2A). 

Quantitation of GM130 and Pericentrin stain- 
ing showed that P4 oocytes contain 5.1 times as 
much Golgi material, 7.3 times as much Pericen- 
trin, and 3.7 times as much y-tubulin as E14.5 
germ cells (Fig. 2, B and D). In electron micro- 
graphs (EMs) (Fig. 1, A to B’), we observed mul- 
tivesicular bodies (MVBs) (yellow arrowhead) 
near P4 Balbiani bodies (white arrow). Mito- 
chondria numbers also increased in cells with 
nascent Balbiani bodies (arrowheads in Fig. 2E), 
compared with other cells in the same cyst. 
EMs (Fig. 2F) indicated that, by P4, the number 
of mitochondria (arrows) in Balbiani body- 
containing cells had increased by a factor of 4.9 
(Fig. 2G). Finally, cells containing Balbiani bodies 
become progressively larger after E17.5 and quad- 
rupled in size by P4: (Fig. 2H). Thus, P4 oocytes 
acquire about five times as many centrosomes, 
Golgi, and mitochondria and four times the cyto- 
plasmic volume of E14.5 germ cells. 

Additional studies verified that cells acquiring 
cellular components form Balbiani bodies and 
become oocytes. Balbiani body-containing cells pref- 


E14.5 


erentially lack expression of the early apoptosis 
marker Annexin V (fig. S3, A and B) (P < 0.001; 
Fisher’s exact test) at PO and are selectively pre- 
served at P4 (fig. S3C). Organelles might move be- 
tween germ cells through ring canals. However, 
TEX14-stained structures decrease in size after E14.5 
(Figs. 1, C to E, and 3A), dissociate from junctions 
at E17.5 (Fig. 3, D and E), and disappear entirely 
after E19.5. The plasma membrane separating most 
germ cells by E17.5 develops large gaps (Fig. 3, B, C, 
E, and E’, arrows). After E17.5, organelle movement 
appears to occur via these direct interconnections. 
Some germ cells contract greatly (Fig. 3G) and 
appear to transfer most of their cytoplasm— 
including centrosomes (Fig. 3, H and H’), Golgi 
(Fig. 3, G and H), and mitochondria (Fig. 3l)— 
leaving little more than a nucleus behind (Fig. 
3I, asterisk, and fig. S3D). Because cysts gradually 
decrease in cell number throughout E17.5 to P4 
(9) (table S1), whereas oocytes increase gradually 
in size (Figs. 2H and 3J), cytoplasmic transfer 
and programmed cell death events probably oc- 
cur sequentially within cysts over several days. 
Developing oocytes reorganize their nuclear 
heterochromatin between PO to P4 (Fig. 4A). 
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Fig. 1. Germline cysts and mouse oocyte differentiation. (A) Timeline of cyst formation and breakdown 
to form primordial follicles. (Left) Yellow fluorescent protein (YFP)-labeled single-germ cell clone showing 
six cysts (arrows). (Left middle) EM showing an E14.5 ring canal (arrow) and a TEX14-labeled ring canal 
(inset). (Right middle) GM130-labeled Balbiani body (B-body). (Right) EM of a P4 oocyte showing a 
Balbiani body and MVBs (yellow arrowhead). DAPI, 4’,6-diamidino-2-phenylindole. (B and B’) EMs of oocyte 
MVBs at higher magnifications. Lineage-labeled E14.5 (C) and E17.5 [(D) and (E)] cysts showing ring 
canals (TEX14, green). Deduced connection maps are shown in (C’) to (E’). Arrowheads in (E) indicate a 
branched cell with three ring canals. (F) Branched germ cells are selectively preserved between E14.5 and 
E17.5 (*P < 0.05; x? test). n, number of cells. 
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Fig. 2. Organelle enrichment and Balbiani body formation during mouse 
oocyte differentiation. (A) Pericentrin- or y-tubulin—labeled centrosomes 
(green, arrows) increase in certain cyst cells (red) from E14.5 to P4. Each P4 
oocyte acquires a large Pericentrin-rich mass (arrowheads). Staining with 
y-tubulin shows five or six elements (arrowhead and arrow) within a P4 germ 
cell delimited by phalloidin staining. (B) Histogram summarizing centrosome 
accumulation. (C) Golgi elements (red, arrows) often associated with centro- 
somes (green) also increase and generate Balbiani bodies (arrowheads). By P4, 
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Pericentrin- or y-tubulin—labeled centrosomes (green) mostly cluster inside the 
Balbiani body. (D) Histogram of Golgi element content per cell. (E) Mitochondria 
are more abundant in the cyst cell containing a nascent Balbiani body (arrow- 
head). YFP is a lineage marker; AIF (apoptosis-inducing factor) denotes mito- 
chondria. The GM130 antibody nonspecifically stains the basement membrane 
from E18.5 to P4. (F) EMs show increases in mitochondria (arrows) between 
E14.5 and P4, as quantitated in (G). (H) Germ cell volume increases with time. 
In (B), (D), (G), and (H), *P < 0.05; error bars indicate SD. 


Fig. 3. Balbiani body formation 
and oocyte differentiation are 
facilitated by membrane frag- 
mentation. (A) Ring canal (bridge) 
diameter decreases in size. Red bars 
denote medians. Cyst germ cells are 
distinct at E14.5 (B) but frequently 
ee contain membrane gaps by E17.5 
Y [(C), arrows; (F)]. Nu, nucleus. (D to 
} 4m: E’) Ring canals [(D), arrowhead; (E), 
arrow] detach from intercellular 
junctions [(D) and (E’), arrow]. Golgi 
material from a contracting cell [(G), 
arrow] and centrosomes [(H) and 
(H’), yellow arrows] move through 
membrane gaps into Balbiani body- 
containing cells (arrowhead). (I) A 
cell (asterisk indicates the nucleus) 
lacking most cytoplasm is 
connected (arrow) to mitochondria- 
enriched cells (green), including one 
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Fig. 4. Microtubule- 
dependent transport 
is important for Bal- 
biani body formation 
and oocyte differen- 
tiation. (A) Hetero- 
chromatin (arrows) 
reorganizes between 
PO and P4. Balbiani 
bodies are indicated 
by arrowheads. (B) 
Experimental design 
for oocyte differentia- 
tion in vitro. E17.5 
ovaries are cultured 
with or without inhibi- 
tor for 2 days and then 
cultured for 4 days 
without inhibitor. Con- 
trol ovaries efficiently 
develop primordial fol- 
licles (©) containing 
full-sized oocytes with 
normal Balbiani bodies 
(arrowheads). Ovaries 
treated with inhibitors 
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form smaller cells (F) with fewer Balbiani bodies (H) and reduced Pericentrin content [(C), arrows] (G). (D) Inhibitor-treated cultures contain more germ 
cells (I). (E) Heterochromatin (arrows) reorganizes in controls but failed to reorganize properly in inhibitor-treated cultures. In (F) to (I), *P < 0.05; error 


bars indicate SD. 


HPI staining is juxtaposed to the nuclear lamina 
between E14.5 and PO, but P4 oocytes contain 
several nucleoplasmic aggregates (Fig. 4A). To 
test the role of microtubule-dependent organelle 
transport in oocyte differentiation, we cultured 
fetal ovaries in vitro, under conditions in which 
development proceeds normally for a week or 
more (Fig. 4B). When wild-type E17.5 ovarian tis- 
sue was incubated alone, cysts broke down, 
transferred centrosomes, formed Balbiani bodies, 
underwent apoptosis, and formed primordial 
follicles containing single primary oocytes with 
kinetics similar to those during development 
in vivo (Fig. 4, C to I, and fig. S4). When incu- 
bated in the presence of the antimicrotubule drug 
colchicine (10 nM) for the first 2 days of culture, 
corresponding to the critical period from E17.5 to 
E19.5 when most transport occurs, these processes 
were perturbed and the production of Balbiani 
bodies was significantly reduced, from 85% to 
32% (Fig. 4, C and H). Treatment with the dynein- 
specific inhibitor Ciliobrevin D (25 uM) also re- 
duced oocyte production. Normal apoptosis (Fig. 4, 
D and J), heterochromatin reorganization (Fig. 4E), 
cell volume increase (Fig. 4F), and centrosome 
transport (Fig. 4G) were all reduced by both in- 
hibitors. These effects were specific, as somatic 
cell proliferation was not substantially affected at 
these same inhibitor doses (fig. S5A). 

Our experiments show that mouse oocytes 
acquire many additional centrioles, Golgi, mito- 
chondria, and other cytoplasmic components be- 
fore primordial follicle formation (fig. S6). These 
materials derive by transfer from interconnected 
sister germ cells rather than by de novo synthesis, 
as organelles were observed in transit and centro- 
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somes and Golgi were acquired sequentially in 
individual units before fusion, rather than by the 
growth of a preexisting element. The rate of 
organelle and cytoplasmic increase was also too 
large to be explained by biosynthesis in a meiotic 
arrested cell, and the transferred centrosomes 
remained distinct from a meiotic centrosome 
(fig. S2). Microtubule-based transport is critical 
for organelle transport and oocyte formation, but 
other pathways and the prefollicular somatic 
cells that surround each germ cell cluster pro- 
bably also contribute. Our observation that mem- 
brane breakdown rather than ring canals facilitates 
most cytoplasmic transfer may explain why Tex/4- 
mutant females remain fertile (77). These events 
lead to Balbiani body formation and strongly 
resemble cytoplasmic transfers into differentiat- 
ing oocytes observed in a wide range of other 
species (2). Thus, organelle movement between 
the cytoplasm of connected meiotic cells, like 
pairing and recombination events in the nucleus, 
represents a conserved aspect of oocyte differen- 
tiation. Our experiments show that mammalian 
oogenesis is more efficient than previously be- 
lieved. Intercellular transfer ensures that most 
germ cell cytoplasm and organelles generated 
during fetal development are preserved in pri- 
mary oocytes, despite an 80% decline in germ cell 
number. 

Why has cytoplasmic transfer been retained 
throughout evolution? The acquisition of addi- 
tional organelles undoubtedly helps oocytes begin 
to grow into the largest cells in the mammalian 
body, despite possessing only a 4C DNA content 
(that is, four haploid genomes). Damaged orga- 
nelles might simultaneously be offloaded into cells 


destined to die, purifying the oocyte cytoplasm 
(10). Moreover, construction of a Balbiani body 
by transport might serve a physiological func- 
tion, such as secretion. 

However, we propose that intercellular RNA 
transport underlies the conserved differentiation 
of oocytes in cysts or syncytia. Germline genomes 
undergo epigenetic reprogramming in prepara- 
tion for a new life cycle (13), a process that might 
put the oocyte at risk by activating transposons 
or by fostering nonallelic recombination. In both 
Drosophila and Xenopus, many RNAs associate 
with the Balbiani body (3, 14). Cytoplasmic RNA 
transfer may increase the concentration of repro- 
gramming factors and protective factors, such as 
Piwi-interacting RNAs, that repress transposition 
in the oocyte. Consistent with this model, nuage 
has been reported to accumulate during oocyte 
differentiation (75), and mutants in genes encod- 
ing nuage proteins such as MVH, PIWIL2/MILI, 
and MAEL cause transposon derepression in early 
mouse follicles (15-7). 

Our results imply that high-quality mamma- 
lian oocytes are unlikely to differentiate directly 
from a single precursor cell in vitro (18). Conse- 
quently, our findings highlight the potential for 
guiding more efficient in vitro differentiation by 
defining the critical biological processes that 
must take place for normal oocyte production. 
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IMMUNOLOGY 


The TAM family receptor tyrosine 
kinase TYROS is a negative regulator 


of type 2 immunity 
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Host responses against metazoan parasites or an array of environmental substances elicit 
type 2 immunity. Despite its protective function, type 2 immunity also drives allergic 
diseases. The mechanisms that regulate the magnitude of the type 2 response remain 
largely unknown. Here, we show that genetic ablation of a receptor tyrosine kinase 
encoded by Tyro3 in mice or the functional neutralization of its ortholog in human dendritic 
cells resulted in enhanced type 2 immunity. Furthermore, the TYRO3 agonist PROS1 

was induced in T cells by the quintessential type 2 cytokine, interleukin-4. T cell-specific 
Pros1 knockouts phenocopied the loss of Tyro3. Thus, a PROS1-mediated feedback from 
adaptive immunity engages a rheostat, TYRO3, on innate immune cells to limit the intensity 


of type 2 responses. 


he type 2 immune response is the major 

protective mechanism against metazoan 

parasites and is simultaneously charac- 

teristic of allergy and allergic diseases (1). 

The mechanism that regulates the inten- 
sity of this response is not well understood. Be- 
cause genetic predisposition is an important risk 
factor for allergic diseases, we performed a meta- 
analysis of three independent genome-wide asso- 
ciation studies (GWASs) of Latinos and African 
Americans with asthma. Multiple intronic variants 
in TYRO3 were associated with asthma (fig. SIA 
and table S1). The most significant association 
was at a single-nucleotide polymorphism (SNP) 
located within several putative transcription 
factor-binding sites in TYRO3 (fig. S1, A and B). 
TYRO3 is a member of the TAM (TYRO3, AXL, 
and MERTK) receptor tyrosine kinase (RTK) 
subgroup. AXL and MERTK have recently been 
identified as pleiotropic negative regulators of the 
immune response (J-4), but our meta-analysis did 
not reveal an association with asthma (fig. S1, C 
and D). The molecular functions of TYRO3 in 
immune regulation remain largely uncharacter- 
ized. Because TYRO3 shows substantial sequence 
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identity with AXZ and MERTK, we hypothe- 
sized that TYRO3 may limit the magnitude of 
the immune response in the context of type 2 
immunity. 

To test this hypothesis, we first used a house 
dust mite (HDM) model of allergic airway in- 
flammation. HDM-sensitized wild-type (WT) mice 
developed classical signs of allergic asthma, in- 
cluding influx of eosinophils and lymphocytes 
in the bronchoalveolar lavage (BAL) fluid and 
lung (Fig. 1A and fig. S2, A to C), as well as ex- 
pansion of CD4* T cells and effector memory 
cells in the mediastinal lymph nodes (medLNs) 
(fig. S2D). We also challenged mice lacking either 
TYRO3 alone or both AXL and MERTK with 
HDM. Remarkably, HDM-sensitized Tyro3/ 
mice displayed a more robust type 2 response, 
as reflected by a further increase in leukocytes 
and eosinophils in BAL fluid and lung (Fig. 1A 
and fig. S2C). This was accompanied by in- 
creased total and effector memory CD4* T cells 
in the medLNs (fig. S2D); higher percentages of 
CD4* T cells producing type 2 cytokines—such 
as interleukin 4 (IL-4), IL-5, and IL-13—but not 
the type I cytokine interferon-y (IFN-y) (Fig. 1B) 


and higher serum immunoglobulin E (IgE) (Fig. 
1C). These exacerbated cellular and humoral 
type 2 responses correlated with increased lung 
histopathological score (Fig. 1D). A role of AXL 
has been described in respiratory infections (5, 6). 
However, the ablation of this receptor in con- 
junction with MERTK (4al/“Mertk-) did not re- 
sult in increased susceptibility of mice to HDM 
(Fig. 1A and fig. $2). 

To further evaluate if Tyro3 was an essential 
component of the type 2 immune response, we 
infected mice with the helminth Nippostrongylus 
brasiliensis. Infected Tyro3 mice had fewer BAL 
red blood cells (RBCs), which indicated reduced 
damage (Fig. 2A). We also observed increased BAL 
eosinophils and enhanced alternative activation 
of lung interstitial macrophages (Fig. 2B and fig. 
$3, A and B). Tyro3~ mice exhibited an accelerated 
and enhanced T cell response in the medLNs (fig. 
S3C), increased IL-4* and IL-5* CD4* T cells in 
the medLNs (Fig. 2C), larger amounts of type 2 
cytokines from mesenteric LNs (mLNs) (fig. S3D), 
and enhanced L3- and L5-specific IgG1 antibodies 
and total IgE humoral response (Fig. 2D). By days 
2, 3, and 7, Tyros" ~ mice had fewer worms in the 
lungs and small intestines, which indicates accel- 
erated clearance of the parasite (Fig. 2E). No dif- 
ferences in worm burden were noted in the skin 
of WT and 7 yro3! ~ mice (fig. S3E). Furthermore, 
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ovalbumin with papain (OVA-papain) immu- 
nization, an alternative type 2 immunity model, 
produced an accelerated and enhanced response 
in Tyros! ~ mice (fig. S4). We did not, however, 
detect increased T helper 1 (Ty1) responses in 
Tyro37’~ mice (fig. $5). Taken together, these 
results demonstrate that TYRO3 is an essential, 
selective inhibitor of type 2 immunity. 

Next, we investigated the cellular basis of 
TYRO3-mediated negative regulation of type 2 
immunity. T,,2 differentiation is regulated by 


dendritic cells (DCs), the professional antigen- 
presenting cells (APCs) (7-10). A specific population 
of DCs that are CD11c-positive and programmed 
cell death protein 2 (PDL2)-positive [CDI1c*PDL2”] 
has been described to induce type 2 immune 
responses (JJ-14). Bone marrow (BM)-derived 
CD11c*PDL2* DCs expressed TYRO3. Moreover, 
TYRO3 expression was not restricted to PDL2* 
DCs as PDL2” DCs also expressed this RTK (Fig. 3A). 
Likewise, TYRO3 was detected in lung DCs of 
mice sensitized with HDM extract or infected with 


N. brasiliensis, albeit not in alveolar macrophages, 
eosinophils, or neutrophils (fig. S6). 

To test if TYRO3 functions specifically in DCs 
to limit the magnitude of type 2 immunity, we 
used an adoptive transfer model (fig. S7A). In 
accordance with an inhibitory role of TYRO3 in 
DCs, mice receiving OVA-loaded Tyro3/- PDL2* 
DCs exhibited increased LN cellularity and type 
2 cytokine production (Fig. 3, B and C). Note 
that similar percentages of WT and Tyro3~ 
PDL2* DCs were detected in the draining LNs, 
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Fig. 1. Tyro3-“- mice hyperrespond to HDM-induced asthma. (A) Total num- 
bers of infiltrating leukocytes (CD45*), eosinophils (CD45*CD3-Ly6GCD11c~ 
CD11b*SiglecF*) and lymphocytes (CD45*CD3*) in the BAL of HDM-challenged 
WT, Axl’/“Mertk-/-, and Tyro3-/- mice. (B) Percentage of CD4*IL-4*, CD4*IL-5*, 
CD4*IL-13*, and CD4*IFNy* cells in medLNs and lung as indicated from 
phosphate-buffered saline (PBS) controls and HDM-treated mice. (C) Con- 
centration of circulating IgE antibodies as determined by enzyme-linked im- 
munosorbent assay (ELISA) in PBS controls and HDM-treated WT and Tyro3-/- 
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mice. (D) Representative images and independent histological scores of lung 
sections stained with hematoxylin and eosin from PBS controls and HDM- 
treated WT and Tyro3’~ mice. Scale bar, 5 tum. Data are representative of two 
or three independent experiments. In all panels, each data point is from a 
different animal, and bars indicate means + SEM. Data were analyzed with 
analysis of variance (ANOVA) and Bonferroni multiple comparison test (A) and 
unpaired Student's t test [(B) to (D)]. *P 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001; n.s., nonsignificant. 
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Fig. 2. Reduced damage and increased clearance in N. brasiliensis— 

NI. N.b. N.I. N.b. N.I. N.b. infected Tyro3-’~ mice. WT and Tyro3°~ mice were infected with 625 

N. brasiliensis larvae. NI., noninfected; N.b., N. brasiliensis. (A) RBC total 

numbers in BAL at 7 dpi. (B) Representative fluorescence-activated cell sorting (FACS) plots of eosinophil (CD45*CD3°Ly6GCD1lc"CD11b*SiglecF*) per- 

centages and total numbers of eosinophils in BAL at 7 dpi. (C) Percentage of CD4*IL-4*, CD4*IL-5*, and CD4*IL-13* cells from medLNs at 2 dpi. (D) Circulating 

L3- and L5-specific IgG1 antibodies and total IgE antibodies as determined by ELISA. O.D., optical density. (E) Kinetics of the total parasite numbers in the lung 

and small intestine (SJ.) at 1 dpi, 2 dpi, 3 dpi, and 7 dpi. Data are representative of two or three independent experiments. In all graphs, each data point is froma 
different animal, means + SEM. Data were analyzed using unpaired Student's t test [(A) to (E)]. *P < 0.05; **P < 0.01; n.s., nonsignificant. 
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Fig. 3. TYRO3 is expressed by and functions in mouse and human DCs. __ of «-CD3; CCL17, CCL22, and CCL5 were measured in the supernatant by ELISA. 
(A) TYRO3 expression by FACS in sorted PDL2* and PDL2~ DCs from BM DC (E) TYRO3 expression by FACS on human circulating DCs (CDllc"CD11b°C- 
cultures. (B) Total number of leukocytes from draining LNs of mice receiving WT —_D14'°) from healthy controls and parasite-infected patients. Data are representa- 
or Tyro3-’~ PDL2* or PDL2~ OVA-loaded DCs. (C) OVA recalls production of __ tive of two or three independent experiments. In all panels, each data point is 
IL-4, IL-5, and IL-13 from CD4* T cells in the draining LNs of mice receiving from a different mouse or human. Means + SEM. Data were analyzed using 
indicated DCs as measured by ELISA. (D) WT or Tyro3-~ PDL2* or PDL2- DCs __ unpaired Student's t test [(B), (C), and (E)] or paired Student's t test (D).*P < 
as indicated were cocultured with naive CD4* T cells for 24 hours in the presence 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns., nonsignificant. 
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which indicated that WT and Tyro3’/~ DCs mi- 
grated and survived to equal degree (fig. S7B). 
The type 2 immune response in mice receiving 
OVA-loaded WT PDL2° DCs was negligible. In 
contrast loss of TYRO3 in PDL2” DCs resulted in 
an enhanced type 2 immune response yet lower 
in magnitude relative to mice receiving Tyro3/~ 
PDL2* DCs (Fig. 3, B and C). When OVA-loaded 
WT or Tyro3” DCs were transferred during prim- 
ing, only Tyro3/- PDL2* DCs led to an enhanced 
response in recipient mice (fig. S8). 

Comparison of the most differentially tran- 
scribed genes between DCs that can induce 
type 2 immunity and those that cannot revealed 


Fig. 4. T cell-derived A 
PROS1 mediates TYRO3 
regulation of type 2 
immunity. (A to D) 804 
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that a subset of chemokines—CCL22, CCL17, 
and CCL5—are highly expressed in PDL2* DCs 
(11). Some of these chemokines actively promote 
type 2 immunity, as neutralization of their func- 
tion results in a reduction of the response (15, 16). 
We detected a significant increase in the produc- 
tion of these chemokines when either Tyro3~ 
PDL2* or PDL2” DCs were cocultured with acti- 
vated CD4* T cells in comparison with respective 
WT DCs (Fig. 3D). Consistent with the require- 
ment for OX40L in inducing T;;2 responses (12), 
Tyro3~- PDL2* DCs had higher expression of 
OX40L after transfer relative to WT PDL2* DCs, 
whereas CD86 and CD40 levels were compara- 
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ble (fig. $7, C and D). Finally, circulating human 
CDiic"CD11b"° DCs also expressed TYROS. This 
expression was significantly increased in DCs 
from helminth-infected patients in comparison 
with healthy controls (Fig. 3E). In summary, our 
results indicate that the absence of TYRO3 in 
both PDL2* and PDL2° DCs leads to enhanced 
production of type 2 chemokines and costimu- 
latory molecules, resulting in exacerbated type 2 
immune response. 

We have recently described that T cells, once 
activated, produce the TAM receptor agonist 
PROS] (2, 17). PROS] is also an agonist for TYRO3 
(2, 17). However, the expression profile of PROS1 
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in differentiated T helper subsets was unknown. 
Remarkably, T};2 cells expressed PROSI in vitro 
and in vivo, whereas Ty;1 and T};17 cells did not 
(fig. S9, A and B). These results indicated that T 
cells differentiating toward the T},;2 lineage sus- 
tain PROS1 expression, whereas expression is 
lost during Ty1 or Ty17 commitment. Gas6, the 
only other known agonist for TYRO3 (J7, 18), is 
not expressed in murine T cells (2). Activation 
of T cell-receptor (TCR) signaling leads to the 
expression of PROS1 (2). This depends on in- 
trinsic IL-4 production as IL-4" -naive CD4* T 
cells failed to up-regulate Prosi after TCR stimu- 
lation, but exogenous addition of IL-4 rescued 
this defect (fig. S9C). ProsI up-regulation was also 
STAT6-dependent (fig. S9C). Because IL-4: expres- 
sion is sustained in T,,2, but not in Ty1 or Ty17 
cells, only Ty;2 cells maintained PROS1 expres- 
sion. Only IL-4 and not IL-2, IL-5, IL-7, IL-10, 
IFN-y, or transforming growth factor B induced 
ProsI expression in naive CD4* T cells (fig. S9D). 

To address whether PROS1 produced by T 
cells inhibits type 2 immune responses, we in- 
fected Cd4-Cre- Prost®/"™* (control) and Cd4-Cre* 
Prosf*°¥" mice with N. brasiliensis. Activated 
lung CD4* T cells of infected mice expressed 
PROSI (fig. S9E). Cd4-Cre* Pros7®°/" mice had 
fewer RBCs, increased BAL eosinophils, greater 
type 2 cytokine production from mLNs, and 
lower worm burden (Fig. 4, A to D). Furthermore, 
OVA-papain immunization resulted in increased 
leukocytes and type 2 cytokine production by 
antigen-specific T cells in Cd4-Cre* ProsI"/"™ 
mice (fig. S10, A to C). Last, Cd4-Cre* Prostt/%x 
mice hyperresponded in a model of atopic der- 
matitis (fig. S10, D to F). Altogether, these find- 
ings demonstrate that IL-4 leads to sustained 
expression of PROS1 after T,,2 differentiation. 
This, in turn, maintains the optimal degree of 
the type 2 immune response. 

To explore whether this PROSI-TYRO3 axis func- 
tions in the regulation of type 2 immune responses 
in humans, we performed mixed-lymphocyte re- 
actions (MLR) in the presence of an TYRO3- 
specific antibody or isotype control. We previously 
showed that human T cells express PROS1 upon 
activation (2). The neutralization of TYRO3 led 
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to a significant increase in the production of 
IL-13 but not IFN-y by the T cells, which under- 
scores a selective inhibitory role of TYRO3 in 
type 2, but not type 1, immunity (Fig. 4E). These 
results demonstrate that the TYRO3-PROSI axis 
is an evolutionarily conserved negative regulator of 
the magnitude of the type 2 immune response. 

A physiological immune response that limits 
the pathogen or pathogen-induced damage but 
avoids immunopathology has to be scalable. Such 
a response should have built-in sensors to monitor 
activation level and rheostats that vary the mag- 
nitude of the response. Here, we report the iden- 
tification of a molecular mechanism that controls 
the intensity of type 2 immunity. In this mech- 
anism, a RTK in DCs and its ligand produced by 
Ty2 cells function in concert to regulate the en- 
suing response. The same cytokine required for 
Ty2 commitment after T cell priming—IL-4 (19)— 
induces the sustained expression of Pros] in T 
cells. This leads to the activation of the RTK 
TYRO3, expressed on DCs, which provides an 
inducible feedback mechanism at the DC-T cell 
interface. The overall effect of PROSI-TYRO3 sig- 
naling is to limit the magnitude of the type 2 
immune response. 

The critical role of TYRO3 in negatively regu- 
lating T},2 responses makes this RTK an attrac- 
tive pharmacological target for small molecules 
or biologics that activate or inhibit its function. 
The innate immune sensing mechanisms for the 
vast array of allergen and helminth products 
remain largely unknown. Therefore, therapeutic 
interventions in allergic disorders are currently 
limited to targeting downstream effectors of the 
type 2 immune response, such as histamine and 
leukotrienes, or to making use of broad immu- 
nosuppressive drugs, i.e., corticosteroids (20). 
Our discovery of a self-limiting process intrinsic 
to type 2 immunity provides a novel opportu- 
nity to either enhance or inhibit this response. 
For example, activating TYRO3 would specifically 
lower allergic responses by preventing adaptive 
immune responses that function upstream of 
the generation of IgE, as well as the subsequent 
degranulation of eosinophils and mast cells. It 
could be equally attractive to extend this para- 


digm to parasitic infections where blocking TYRO3 
may heighten type 2 response and improve ex- 
pulsion of the parasites. 
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for Emerging Energy Technologies 


ELECTROCHEMISTRY 

EC1 Redox Activity on the Molecular Level— 
Fundamental Studies and Applications 

EC2 Facilitating Charge Transport in Electrochemical 
Energy Storage Materials 

EC3 Catalytic Materials for Energy and Sustainability 

EC4 Material, Devices and Systems for Sustainable Conversion 
of Solar Energy to Fuels 

EC5 Proton Transfer and Transport— 

From Biological Systems to Energy Applications 


www.mrs.org/fall2016 


Meeting Chairs 

Bernard Bewlay, General Electric-Global Research Center 
Silvija Gradecak, Massachusetts Institute of Technology 
Sarah Heilshorn, Stanford University 

Ralph Spolenak, ETH Zurich 

T. Venky Venkatesan, National University of Singapore 


Don’t Miss These Future MRS Meetings! 
2017 MRS Spring Meeting & Exhibit 
April 17 - 21, 2017 

Phoenix, Arizona 


2017 MRS Fall Meeting & Exhibit 
November 26 — December 1, 2017 
Boston, Massachusetts 


ta 


506 Keystone Drive - Wa 
> 03. 


Tel 724,779.3 


ELECTRONICS, MAGNETICS AND PHOTONICS 
EM1 Materials Issues for Quantum Computing 
EM2_ Rare-Earths in Advanced Photonics and Spintronics 
EM3 Electronic and lonic Dynamics at Solid-Liquid Interfaces 
EM4 Structure-Property Relationships of Organic Semiconductors 
EM5 Materials and Mechanisms of Correlated Electronic Phenomena 
in Oxide Heterostructures 
EM6 Thin-Film Transistors—New Materials and Device Concepts 
EM7 Functional Plasmonics 
EM8 Spin Dynamics in Nonmagnetic Materials and Devices 
EM9 Materials and Nanostructures for Magnetic Skyrmions 
EM10 Emerging Materials and Technologies for Nonvolatile Memories 
EM11 Wide-Bandgap Materials for Energy Efficiency— 
Power Electronics and Solid-State Lighting 
EM12 Diamond Electronics, Sensors and Biotechnology—Fundamentals to Applications 


ENERGY AND SUSTAINABILITY 
ES1 Materials Science and Chemistry for Grid-Scale Energy Storage 
ES2 Materials Challenges for Flow-Based Energy Conversion and Storage 
ES3_ Perovskite Solar Cell Research from Material Properties to Photovoltaic Function 
ES4 Thermoelectric Polymers and Composites— 
Nontraditional Routes to High Efficiency 
ES5 Materials Research and Design for A Nuclear Renaissance 
ES6 Scientific Basis for Nuclear Waste Management 


MECHANICAL BEHAVIOR AND FAILURE 
MECHANISMS OF MATERIALS 
MB1_Intermetallic-Based Alloys—From Fundamentals to Applications 
MB2 Materials under Mechanical Extremes 
MB3_ High-Entropy Alloys 
MB4 Glassy, Nanocrystalline and Other Complex Alloy Systems and Their Applications 
MB5 Size Effects and Small-Scale Mechanical Behavior of Materials 
MB6 Cyclic Deformation and Fracture at the Nanoscale 
MB7_ Shear Transformation Mechanisms and Their Effect on Mechanical Behavior 
of Crystalline Materials 


NANOMATERIALS 

NM1 Semiconducting Nanowires, Nanoribbons and Heterostructures— 
Synthesis, Characterizations and Functional Devices 

NM2 2D Layers and Heterostructures beyond Graphene— 
Theory, Preparation, Properties and Devices 

NM3 Nanotubes and Related Nanostructures 

NM4 Nanomaterials-Based Solar Energy Conversion 

NM5 Nanomembrane Materials—From Fabrication to Application 

NM6 Nanoscale Materials and Devices by High-Temperature Gas-Phase Processes 


PROCESSING AND MANUFACTURING 

PM1 lon Beam-Enabled Nanoscale Fabrication, Modification and Synthesis 

PM2 Plasma Processing via Liquid for Life Sciences and Environmental Applications 
PM3 Science-Enabled Advances in Materials- and Manufacturing-Technologies 
PM4 Novel Materials, Fabrication Routes and Devices for Environmental Monitoring 
PM5 Hierarchical, Hybrid and Roll-to-Roll Manufacturing for Device Applications 


THEORY, CHARACTERIZATION AND MODELING 
TC1  /n Silico Materials Chemistry 
TC2 Design, Discovery and Understanding of Materials Guided 
by Theory, Computation and Data Mining 
TC3 Materials Issues in Art and Archaeology 
TC4 Advances in Spatial, Energy and Time Resolution in Electron Microscopy 


CALL FOR APPLICATIONS 


CHANEL 


RECHERCHE ET TECHNOLOGIE 
RESEARCH AND TECHNOLOGY 


CHANEL-CERIES 
RESEARCH AWARD 2016 


The CHANEL-CERIES Research Award 


of 40,000€ is intended to honor a scientific 
researcher with a proven track record in 
fundamental or clinical research work, U re 
for a one-year period, on the subject of 
PHYSIOLOGY OR BIOLOGY OF - 
HEALTHY SKIN AND/OR ITS REACTIONS 
TO ENVIRONMENTAL FACTORS 
Opportunity 


Gilead Sciences has spent 25 years 


Previous Award Winners 


2015 Emi Nishimura M.D., Ph.D., Japan working to improve treatments for people 
2014 Julia A. Segre, Ph.D., Bethesda, USA living with HIV, with an ultimate goal in 
2013 Robert L. Modlin, M.D., Los Angeles, USA 
2012 Martin Récken, M.D., Ph.D., Tubingen, Germany mind: finding a cure. To that end, we've set 
2011 Joke A. Bouwstra, Ph.D., Leiden, Netherlands aside fundingto support academic institu- 
2010 Howard Y. Chang, M.D., Ph.D., Stanford, USA , re ‘ fi 
2009 Sabine Werner, Ph.D., Zurich, Switzerland tions, nonprofit organizations and commu- 
2008 Paul A. Khavari, M.D., Ph.D., Stanford, USA nitygroups committed to HIV cure 
2007 Richard L. Gallo, M.D., Ph.D., San Diego, USA activities. 


2006 Irwin McLean, Ph.D., D.Sc., FRSE, Scotland, UK 
2005 Masayuki Amagai, M.D., Ph.D., Tokyo, Japan 
2004 Thomas Schwarz, M.D., Kiel, Germany Visit www.gilead.com/HIV-Cure-FOA _ to 
2003 Angela M. Christiano, Ph.D., New York, USA 
2002 Dennis R. Roop, Ph.D., Houston, USA 
2001 Fiona M. Watt, D.Phil., London, UK 
2000 Michael Karin, Ph.D., San Diego, USA 
1999 Jonathan Rees, M.D., Edinburgh, UK 
1998 Jean Krutmann, M.D., Diisseldorf, Germany 
1997 Jens-Michael Schréder, Ph.D., Kiel, Germany 
1996 Akira Takashima, M.D., Ph.D., Dallas, USA 


learn more and apply for funding. 


DEADLINE FOR APPLICATIONS: 
JUNE 1, 2016 


http://research-technology.chanel.com/research-awards 
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Land of Fire & Ice & Nature’s Paradise! 
July 2-11, 2016 
Outdoors enthusiasts grab your cameras and field guides, 
and come explore Iceland! Discover Iceland in all of its 
great natural beauty. Iceland has captured the imagination 
of people all over the world since Jules Verne wrote the 
“Journey to the Center of the Earth” in 1871. Iceland has 
a proud heritage—it is the world’s oldest democracy. 
Its plant life and the natural wonders are truly magical! 
This trip is a ttemendous introduction to the heritage 
of Iceland, from geology to history and landscapes with 
many fascinating plants. $4,295 pp + air. 


Fora detailed brochure, call (SOO) 252-4910 
All prices are per person twin share + air 


® 


BETCHART EXPEDITIONS nc. 

17050 Montebello Rd, Cupertino, CA 95014 
Email: AAASInfo@betchartexpeditions.com 
www.betchartexpeditions.com 


Advance your 
career with expert 
advice from 
Science Careers. 


Download Free Career Advice Booklets! 


ScienceCareers.org/booklets 
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FROM THE JOURNAL SCIENCE 


Don't miss the debut of 
Science [mmunology. 


Image: Eraxion / iStockPhoto 


Science is expanding its reach into immunology—now 
offering the newest online-only, weekly journal in the 
Science family of publications. Science Immunology will 


provide original, peer-reviewed research articles that report 


critical advances in all areas of immunological research. 


NOW ACCEPTING PAPERS 


Be a part of the Science Immunology debut issue 
publishing Summer 2016! 


Submit your manuscript today at 
Sciencelmmunology.org. 


Science Immunology 


LIFE SCIENCE TECHNOLOGIES Produced by the Science/AAAS Custom Publishing Office 
| @ NEW PRODUCTS 


qPCR Assays 

The PrimeTime Gene Expression 
Master Mix is an optimized enzyme 
mix for probe-based quantitative 
polymerase chain reaction (qPCR). 
This newest product enhances the 
Integrated DNA Technologies (IDT) 
PrimeTime qPCR product line, as 
researchers can economically obtain 
both assays and a master mix that 
are optimized and validated to work 
together. PrimeTime qPCR Assays 
are available with a choice of dyes 
and quenchers, and the predesigned 
assays are backed by a performance 
guarantee. The versatile, stable 
master mix easily integrates into new 
and existing experimental workflows, 
because it is also compatible with all 
commercially available 5’ nuclease 
gene expression assays. The 
PrimeTime qPCR Assays and Master 
Mix deliver accurate, sensitive gene 
expression analysis with efficiencies 
>90% in two-step reverse transcription 
(RT)-qPCR under both fast and 
standard cycling conditions. This 
provides the reproducibility that gives 
researchers confidence in the quality 
of their data, whether it be from 
singleplex or duplex reactions. 
Integrated DNA Technologies 

For info: 800-328-2661 
www.idtdna.com 


HPLC Column 

The Thermo Scientific Acclaim 

AmG C18 high-performance liquid 
chromatography (HPLC) column is a 
high-performance, reversed-phase 
column designed for ion-pairing 
chromatographic separations and 
optimized for various aminoglycoside 
(AmG) antibiotics analyses, 

including drug purity and impurity 


characterization and quantification, therapeutic drug monitoring, 
and residual control testing in different matrices. AmG analysis 
requires columns that are robust to withstand harsh, low-pH 
conditions. The new Acclaim AmG C18 columns have been 
engineered specifically for this application. Our unique silica 
surface chemistry provides a layer of protection during the 
separation process and extends column longevity. 


Thermo Fisher Scientific 
For info: 800-532-4752 
www.thermofisher.com 


XUV Spectrometer 

McPherson’s new grazing incidence wave- 
length dispersive optical spectrometer allows 
rapid analysis of spectral light in the ~1-nm to 
300-nm wavelength region (4 eV to 1,200 eV.) 
In addition to performing high-harmonic laser 
generation experiments, the Model 248/310 
is also useful for measuring ion- or discharge 
light sources and for astrophysics detector 
calibration. At FLASH, the free electron laser 
experiment conducted by DESY in Hamburg, 
Germany, the McPherson 248/310 ultrahigh 
vacuum (UHV) model assisted in analysis of 
the 2.3-nm to 4.4-nm water window (a region 
transparent to light). Space scientists and 
plasma physicists who need an instrument 
for vacuum ultraviolet and extreme ultraviolet 
(EUV/XUV) capitalize on the 248/310’s range 
and flexibility. Configured in reverse, it oper- 
ates as a tunable light source. This is useful 
for spectral calibration and spectroscopy in 
the vacuum ultraviolet and the extreme and 
soft X-ray wavelength region (EUV and SXR 
respectively). Direct detection charge-coupled 
devices (CCDs), image intensifiers, micro- 
channel plates, or electron multipliers provide 
wide range and flexible detection. 
McPherson 

For info: 978-256-4512 
www.mcphersoninc.com 


Herolab 


Microscope 

Streamlining the cell-culture workflow in 
a range of application areas, Olympus’ 
renowned optical expertise has given 
rise to the new CKX53 microscope, 
offering a novel inversion contrast (IVC) 
imaging technique. While a variety of 
capabilities enable the CKX53 to deliver 
high-quality images over a wide field 

of view for live-cell and fluorescence 
imaging, the system is also tailored to 
the cell-culture process with optimized 
ergonomics and fast, intuitive operation. 
Fast processing is vital to minimize the 
time precious live cells are removed 
from optimal incubation conditions, and 
Olympus’ unique integrated Phase Con- 
trast (IPC) system simplifies and speeds 
up phase contrast observations with the 
CKX53, removing the need to prepare 
or center the objectives when moving 
between 4X and 40X magnification. 
Phase contrast observations are also 
enhanced with the new IVC technique, 
enabling 3D views devoid of halos or 
directional shadows. 

Olympus 

For info: +49-(0)-40-23773-5913 
www.olympus-lifescience.com 


Benchtop Workstation 

The CleneCab Workstation is a low- 
cost, benchtop alternative to a clean- 
room. For those who wish to create a 
local cleanroom or safe environment to 
prevent contamination when working 
with samples, this is the ideal solution. 
The CleneCab provides a bench top 
size environment of 62 x 42 x 77 cm. 
Constructed from 10-mm acrylic glass, 
the workstation protects the sample 
from external contamination and the 
user from biohazards. It can also be 
used for other situations in which a high 
demand for cleanliness or protection 


is required, as with radioactive labeling of DNA. Its construction 
provides ideal shielding from radioactive substances like *°P. Five 
powerful, timer-controlled ultraviolet (UV) tubes combined with 
special reflectors efficiently irradiate the entire working surface. The 
workstation is also equipped with a microprocessor to control the 
energy of the UV tubes. The UV dose can be preset very easily in 
energy (mu) or time units (s). 


For info: +44-(0)-1223-515440 


www.herolab.de 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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sciencemag.org/custom-publishing SCIENCE 


Join the Conversation! 


Twitter is a great way to connect with AAAS members and staff about the 
issues that matter to you most. Be a part of the discussion while staying up-to- 
date on the latest news and information about your personal member benefits. 
Follow us @AAASmember and join the conversation with #AAAS 


MemberCentral.aaas.org 


want new 


technologies? 


antibodies 
apoptosis 
biomarkers 
cancer 
cytometry 
data 
diseases 
DNA 


epigenetics 


genomics 
immunotherapies 
medicine 


microbiomics 
microfluidics 
microscopy 


neuroscience 


proteomics 


sequencing 


toxicology 


transcriptomics 


watch our webinars 


Learn about the latest breakthroughs, new 
technologies, and ground-breaking research 
in a variety of fields. Our expert speakers 
explain their quality research to you and 
answer questions submitted by live viewers. 


VIEW NOW! 
webinar.sciencemag.org 


Science 


MV AAAS 


Brought to you by the Science/AAAS 
Custom Publishing Office 


wW @SciMagWebinars 


RsDsystems 


a bietechne brand 


What’s in Your Sample? 


Choose the right immunoassay 
to get your answers! 


Learn more | rndsystems.com/immunoassays 


Global info@bio-techne.com bio-techne.com/find-us/distributors TEL +1612 379 2956 Ei iy ‘in| | 
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Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


THE AMERICAS 


E-mail: advertise@sciencecareers.org 
Fax: +1 (202) 289 6742 

Tina Burks 

Phone: +1 (202) 326 6577 

Nancy Toema 

Phone: +1 (202) 326 6578 


Online Job Posting Questions 
Phone: +1 (202) 312 6375 


EUROPE /INDIA/AUSTRALIA/ 
NEW ZEALAND / REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 
Sarah Lelarge 

Phone: +44 (0) 1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


Online Job Posting Questions 
Phone: +44 (0) 1223 326528 


APAN 


Katsuyoshi Fukamizu (Tokyo) 
E-mail: kfukamizu@aaas.org 
Phone: +81 3 3219 5777 
Hiroyuki Mashiki (Kyoto) 
E-mail: hmashiki@aaas.org 
Phone: +81 75 823 1109 


CHINA/KOREA/SINGAPORE/ 
TAIWAN / THAILAND 


Ruolei Wu 
E-mail: rwu@aaas.org 
Phone: +86 186 0082 9345 


All ads submitted for publication must comply with 
applicable U.S. and non-U.S. laws. Science reserves 
the right to refuse any advertisement at its sole 
discretion for any reason, including without limitation 
for offensive language or inappropriate content, 

and all advertising is subject to publisher approval. 
Science encourages our readers to alert us to any ads 
that they feel may be discriminatory or offensive. 
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ScienceCareers.org 


UCSF 


University of California 
San Francisco 


Seeking Scientist with expertise in Cell and 
Molecular Biology broadly relevant to Asthma 
The UCSF Division of Pulmonary, Critical Care, 
Allergy and Sleep Medicine, in the Department of 
Medicine, and the Sandler Basic Research Center 
invite aoplications for a joint faculty position at the 
Assistant or Associate Professor level. Preferred 
candidates will have demonstrated expertise in Cell 
and Molecular Biology broadly relevant to Asthma. 


Candidates must have a Ph.D., M.D., or M.D. Ph.D. and 
must have outstanding written and communication 


skills. The candidate should have a record of success 
or significant promise in basic research that is 
broadly applicable to Asthma. 

UCSF is an Equal Opportunity/Affirmative Action 
Employer. The University undertakes affirmative 

action to assure equal employment opportunity for 
underutilized minorities and women, for persons with 
disabilities, and for covered veterans. All qualified 
applicants are encouraged to apply, including 
minorities and women. All qualified applicants will 
receive consideration for employment without regard 
to race, color, religion, sex, sexual orientation, gender 
identity. national oricin, disability, age or protected 
veteran status 

Please apply online at: http://apptrkr.com/767258 
For more information, contact the Chair of the 
search committee Prescott Woodruff, M.D., M.P.H. at 
prescott.woodruff@ucsf.edu, 


University of 
Colorado Denver 


School of Medicine 


Infectious Disease Research 
Faculty Positions 


The Division of Infectious Diseases at the 
University of Colorado Denver School of 
Medicine is recruiting outstanding infectious 
disease scientists. Scientists (MD, MD-PhD 
or PhD) with ability to build and/or maintain 
an internationally recognized, extramurally 
funded laboratory based research program will 
be provided with strongly competitive start-up 
packages. The division is interested in emerging 
infectious diseases and researchers investigating 
pathogens of global health importance are 
invited to apply, as are investigators who 
diversify and complement us in HIV research. 
Valued: scientific accomplishment and drive 
backed by primary research publications, 
collaborative and interpersonal skills, peer- 
reviewed funding consistent with seniority. The 
Anschutz Medical Campus provides state of 
the art facilities and Denver and the Colorado 
Front Range offer exceptional quality of life. 


Apply electronically at www.cu.edu/ 
cu-careers, job number 03734 such that you 
provide four specific items: (1) cover letter 
explaining record, interests and qualifications; 
(2) C.V. [US applicants please also provide 
your NIH biosketch]; (3) description of 
anticipated research direction; (4) three 
references. In addition, please email these 
documents to brandi.dolan@ucdenver.edu, and 
entitle the email “Strategic Recruitment.” 


Advance your career 
with expert advice from 


Science Careers. 


Download Free Career Advice Booklets! — 
ScienceCareers.org/booklets 
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@ Faculty Position 


a Pp Computational Genomics 
~ IF Department of Bioinformatics and Genomics 
UNC CHARLOTTE College of Computing and Informatics 
University of North Carolina at Charlotte 
The Department of Bioinformatics and Genomics at the University of North 
Carolina at Charlotte seeks a tenure-track professor at any career stage to 
work at our location in the North Carolina Research Campus (NCRC) in 
Kannapolis. The NCRC is a public-private partnership between corporations, 


universities and healthcare organizations advancing science at the intersection 
of human health, nutrition and agriculture. 


The NCRC hosts, UNC Charlotte, six other UNC system universities as well 
as Duke University. UNC Charlotte has a leadership position at the NCRC in 
bioinformatics. We seek applicants wishing to develop a research program 
in bioinformatics, computational biology and/or computational genomics. 
This position is part of a larger university-wide research initiative in Data 
Science and Analytics. The successful applicant will have an earned doctorate 
with an exceptional record of achievement and will be expected to maintain 
an externally funded research program that will catalyze a larger group 
of interdisciplinary scientists. The responsibilities of the position include 
teaching quantitative skills such as programming and statistical modeling 
at the graduate and undergraduate level. 


We offer a collegial environment, excellent facilities, a competitive start up 
package, and a competitive nine-month salary commensurate with experience. 


Preliminary inquiries about the position can be made to Dan Janies via email 
djanies@uncc.edu. However, formal applications must be made electron- 
ically at https://jobs.unce.edu (position #1074) and must include a CV, 
contact information for 4 references, and statements on research and teaching. 


The University of North Carolina at Charlotte is an EOE/AA Employer 
and an NSF ADVANCE institution. 


For additional information, please visit our websites at http:// 
bioinformatics.uncc.edu and http://transforming-science.com. 


Faculty Position 
Department of Bioinformatics and Genomics 


College of Computing and Informatics 
University of North Carolina at Charlotte 


The University of North Carolina at Charlotte invites applications for faculty 
at the Assistant or Associate level in the Department of Bioinformatics and 
Genomics in the College of Computing and Informatics. The Department seeks 
candidates with a proven research record in Computational Systems Biology, 
directed toward the theoretical modeling and simulation of complex biological 
systems, alone or in combination with experimental approaches. The successful 
candidate should have an earned doctorate and be eligible for appointment at the 
rank of Assistant or Associate professor. We seek applicants with a commitment 
to excellence in graduate and undergraduate teaching and mentorship who have 
exceptional computational/analytic skills to meet teaching requirements in one 
or more of the following areas: Statistics, Programming, Structural Biology, 
Big Data Analytics as applied to biological datasets, Machine Learning, and 
Integrative Systems Biology. 


Research areas of interest include the development and application of data 
analytic and theoretical methods, mathematical modeling, and simulation 
techniques. Research should address important biological data analysis needs 
such as structural and functional modeling of biomolecules and molecular 
interactions, or integration of heterogeneous data sets into models of complex 
systems, to address issues of health, agricultural productivity, and the 
environment. 


We offer a collegial environment, excellent facilities, a competitive start-up 
package, and a competitive nine-month salary commensurate with experience. 
Applications must be made electronically at https://jobs.unce.edu (position 
#1732) and must include a CV, contact information for 4 references, and 
statements on research and teaching. Preliminary inquiries may be addressed 
to Dr. Cynthia Gibas (cgibas@uncc.edu). 


The University of North Carolina at Charlotte is an EOE/AA Employer and 
an NSF ADVANCE Institution. 


For additional information, please visit our website at 
http://bioinformatics.uncc.edu. 


ARBRE BAA 


BRAIN RESEARCH SNSTITUTE 
NIIGATA UNIVERSITY 

(WH HONOR CF MODIAD WAMATA 
1957 


Information about Applying for Faculty Positions 
in System Pathology for Neurological Disorders 
in Brain Research Institute, Niigata University 


(URL: http://www.bri.niigata-u.ac.jp/en/ info/ 
news/000529.html] 


1. Research fields / Position / Number of people 
Neuroscience, Neuropathology / Professor or Associate 
Professor / 2 


2. Required qualifications 

Applicants must have a doctoral degree, research experience in 
neurological disorders, and a strong desire to conduct creative, 
innovative research. 


3. Terms of employment 

From June 1, 2016 (tentative) — March 31, 2021 (tentative) 
4. Deadline for applying 

17:00 on Saturday, April 30, 2016 (Japan Standard Time) 
5. Where to make inquiries 

Brain Research Institute, Niigata University 

E-mail: noukenshomu@adm.niigata-u.ac.jp 


Please refer to the following URL for detailed 
information 
http://www. bri.niigata-u.ac.jp/en/info/bri- 
employment2016.pdf 


AWARDS 


HUMAN FRONTIER 
SCIENCE PROGRAM 


(HFSP) 


CALL FOR NOMINATIONS FOR 
THE 2017 HFSP NAKASONE 
AWARD 


In keeping with its mission to promote innovative international 
research, HFSP invites nominations for the 2017 Nakasone 
Award which honors ground-breaking contributions in the life 
sciences. Typically these will be breakthroughs in understanding 
the complex mechanisms of living organisms that have important 
consequences for scientists throughout the world. Experimental, 
conceptual and technological contributions are eligible. This award 
recognizes the vision of former Prime Minister Nakasone of Japan 
in the creation of HFSP. 


The joint winners of the 2016 award were Emmanuelle Charpentier, 
Max Planck Institute for Infection Biology, Berlin, Germany and 
Jennifer Doudna, University of California at Berkeley, USA, for 
their pioneering work on the CRISPR-Cas9 system. 


The competition is open; it is not limited to HFSP awardees and 
there is no age limit for candidates. However the jury will pay 
particular attention to recent breakthroughs by younger scientists. 
Nominations should be made before 13 May 2016 by submitting 
the standard one-page nomination form and the nominee’s CV 
(see the HFSP website for more information). The selection will 
be made by the HFSP Council of Scientists at its meeting in July 
2016. 


The awardee will receive an unrestricted research grant of 10.000 
USD, a commemorative medal and an invitation to deliver the 
Nakasone lecture at the 2017 HFSP Awardees Meeting. 


HFSP, 12 quai Saint-Jean, 67080 STRASBOURG Cedex, 
France, www.hfsp.org/awardees 
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Special Job Focus: 


Immunology 


Issue date: May 6 


Book ad by April 19 to 
guarantee space 


Ads accepted until April 29 
if space allows 


= Read and respected by 400,00 readers around the globe 


Your ad dollars support AAAS and its programs, which 
strengthens the global scientific community. 


Relevant ads lead off the career section with special 
immunology banner 


* Bonus distribution to Immunology 2016 (AAI), 
May 13-17, Seattle, WA. 


= Link on the job board homepage directly to immunology jobs 


" Dedicated landing page for jobs in immunology 


# Additional marketing driving relevant job seekers to the 


job board. 


Produced by the Science/AAAS Custom Publishing Office. 
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75% of readers read Science more often than any other journal 


subscribers in print 
every week 


unique active job seekers 
searching for immunology 
positions in 2015 


applications submitted 
for immunology positions 
in 2015 
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&, ERA Chair in 

§f40 c . Cellular and 

Ceey Molecular Biology of 
Ageing 


The Faculty of Medicine of the University of Coimbra announces 
a Senior Scientist position (ERA Chair holder) for the ERA@UC 
2.5 M€ project funded by Widespread 2014-ERA Chairs. The position 
foresees an initial 4 years full-time appointment and the recruitment 
of the ERA Chair team, to develop research, advanced teaching and 
science management in the field of Cellular and Molecular Biology of 
Ageing. The outstanding performance of the team will support a tenure 
position for the Senior Scientist at University of Coimbra. 

The ERA Chair team will be the first top-quality research group of the 
strategic project “Multidisciplinary Research Institute of Ageing-MIA” 
and “Vitality Campus Ageing@Coimbra”, funded by the program 
Spreading Excellence and Widening Participation (Teaming). This is a 
flagship project of “Centro” Region of Portugal, as Health and Ageing 
are top priorities of its Smart Specialization Strategy. 


Requirements 
-Preference given to internationally leading and highly competitive 


scientist in ageing research, using simple model organisms (not 


exclusive) 

-Proven experience in science and education management 

-Solid experience in securing competitive funds from international 
agencies (eg. ERC, H2020, 7FP, NIH and others) 

-Established international network of collaborators 


Application 

Submit a detailed proposal according to the template provided at 
the website http://www.uc.pt/en/fmuc/ibili/erachair, including a 
short CV and two-pages (max.) research plan. The template should 
be submitted in .pdf format to the email ggp@fmed.uc.pt no later 
than May 31st, 2016. 


For additional information please send an email to ggp@fmed.uc.pt 
or visit http://www.uc.pt/en/fmuc/ibili/erachair. 
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Prospero 
BioSciences 
Prospero Biosciences S.L., a spin-off company of the Nanoscience 


Cooperative Research Center CIC nanoGUNE (www.nanogune.eu), 
invites applications and nominations for the position of 


Chief Technical Officer (CTO) 


Prospero Biosciences S.L., which is based at the nanoGUNE facilities 
in San Sebastian, Basque Country (Spain), has been launched recently 
with the mission of producing and commercializing a novel detector 
for protein mass spectrometry. 


The Chief Technical Officer (CTO) will be responsible for the fabrication 
of ultra-thin large-scale semiconductor nanomembranes based on 
dry- and wet-etching techniques. The aim is to incorporate those 
membranes into a novel protein mass-spec detector covering an 
unprecedented mass range. The CTO is also expected to connect with 
existing and potential clients in order to promote our products and 
our research activities in terms of an application in the field of life 
sciences. 


Candidates should have a PhD in Physics or Materials Science with a 
strong background in cleanroom fabrication technologies, i.e. optical 
lithography, dry- and wet-etching techniques, metal layer deposition, 
and possibly atomic layer definition for super-adhesive metal 
deposition. Furthermore, candidates should be skilled in handling both 
fundamental problems and engineering devices to the application level. 
Proficency in spoken and written English is compulsory. 


Applicants should forward their CV and a list of at least three 
references to director@nanogune.eu, quoting the position reference 
prosp_cto. 


Closing date: 10 April 2016 
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Center for Immunology & Microbial Disease 
Albany Medical College 


Assistant/Associate Professor 


The Center for Immunology & Microbial Disease at Albany Medical 
College invites applications for a tenure-track faculty position from 
individuals who have a doctoral degree, postdoctoral experience, and 
demonstrated research productivity. The successful candidate will be 
expected to establish an independent, extramurally-funded research 
program and participate in the teaching of medical and graduate students. 
The basic science departments at Albany Medical College are organized 
as interdisciplinary research centers and the Center for Immunology & 
Microbial Disease has a focus on microbial pathogenesis and immune 
defense, particularly as related to host-pathogen interactions. Faculty 
at the Albany Medical College receive competitive salaries, attractive 
start-up packages, and access to the Center’s ABSL-3/BSL-3, Microbiology 
and Immunology Core Labs. In addition, we have established a close 
relationship with the New York State Department of Health Wadsworth 
Laboratories, providing a diverse environment that is rich in infectious 
disease expertise. Albany Medical College is located in a mid-sized city 
within the upstate New York Capital Region, and has easy access to Boston, 
New York City, and the Adirondack Mountains. 


Applicants should send their curriculum vitae, a statement of research 


plans, and three letters of reference to: 
Faculty Search Committee 
Center for Immunology & Microbial Disease 
Albany Medical College 
47 New Scotland Avenue, MC-151 
Albany, NY 12208 


For further information about the Center, visit 
http://www.amc.edu/Research/IMD/ 
An Equal Opportunity/Affirmative Action Employer. 
Women and minorities are encouraged to apply. 
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By Adam Ruben 
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Of mice and mics 


ears ago, I stood on stage at the Laugh Factory in midtown Manhattan, telling jokes about 
toys, driving, and foreign language workbooks. But all I could think about was the Band-Aid 
on my index finger covering the spot where, earlier in the day, I had accidentally injected 
myself with mouse malaria. As part of my Ph.D. research, I was testing novel malaria drugs 
in mice, a process that began with administering a syringe of blood infected with the parasite 
Plasmodium vinckei. I had done it dozens of times before, but this time I stuck the needle 
into my own finger. My first thoughts were, “I need to contact the Centers for Disease Control and 


Prevention. And I need to write a joke about this.” 


I didn’t start college knowing I 
wanted to be a science comedian. 
But freshman year, I entered a 
stand-up comedy contest on a 
whim and ended up enjoying it. By 
the time I graduated with my mo- 
lecular biology degree, I had even 
been asked to perform on campus a 
few times, opening for real comedi- 
ans and a student band in a coffee 
shop. In graduate school, I started 
performing at open mic nights, and 
as the years passed, I said yes to any 
comedy-like opportunity that arose. 
I was poisoned at corporate murder 
mystery parties. Dressed as an or- 
thodox rabbi, I made fun of elderly 
relatives at bar mitzvahs. I held 
doors in a tux at a Kenny Loggins 
concert, wrote humor pieces for 
National Lampoon, joined an im- 
prov group, and appeared as a thug in a Korean soap op- 
era. I even convinced the school to let me teach a stand-up 
comedy class for undergraduates. 

All the while, I tried to keep the science and the comedy 
separate—no science jokes, and no joking while doing sci- 
ence. I didn’t want to be the comedian for whom comedy 
was clearly a minor hobby, and I didn’t want to be the scien- 
tist who was perceived as not serious enough. I also enjoyed 
feeling like Batman: leaving the lab, putting on my black 
T-shirt and jeans, and slipping into a completely different 
world—or driving home late from a comedy show, opening 
my laptop, and digging through dissertation references. 

In retrospect, building a wall between science and com- 
edy was the wrong choice. I tell my stand-up students to 
think about what specialized knowledge they have that sets 
them apart from other comics. For me, that niche was sci- 
ence, but I was ignoring it. Then I slowly began merging sci- 
ence and comedy. I published a book called Surviving Your 
Stupid, Stupid Decision to Go to Grad School, which led to 


“I said yes to any comedy- 
like opportunity that arose.” 


a monthly science humor column. I 
landed roles as a TV scientist. I be- 
gan touring grad schools and scien- 
tific conferences, telling jokes about 
liquid nitrogen, grant funding, and 
the absolute hell of proctoring un- 
dergraduate exams. Suddenly I 
realized that audiences—even non- 
scientific ones—want to hear about 
science. To me, lab work is the eve- 
ryday default; to others, it’s exotic. 

My two careers haven’t merged 
completely. Not all of my scientific 
colleagues have viewed my hobby 
positively, and in my day job as 
an industry biologist, I don’t go 
around writing jokes into lab pro- 
tocols. But I find that stand-up has 
made me comfortable communi- 
cating science, helping with every- 
thing from simple interpersonal 
interactions to larger presentations. 

Having a day job and a Batman job also means that I 
do a lot of juggling. It means red-eye flights and writing 
after my kids are asleep and working through new jokes 
during my commute and a periodically nagging fear that 
I’m neglecting something (typically sleep, occasionally hy- 
giene). And I love it. 

As for the mouse malaria, I’m fine—though I did suffer 
the side effect of several hours spent filling out occupational 
safety paperwork. Over the years, I’ve learned that comedy 
and science don’t always mix, but they’re not completely in- 
compatible either. On stage at the Laugh Factory that night, 
my vinyl Band-Aid sticking slightly to the microphone, I 
knew Id still be doing that in 10 years. And I also knew I 
had no intention of, as they say, quitting my day job. & 


Adam Ruben is a molecular biologist, science comedian, 
and the author of the Science Careers “Experimental 
Error” column. Learn more at adamruben.net. 
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